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And I said of medicine, that this is an art which considers 
the constitution of the patient, and has principles of action 
and reasons in each case. 


PLATO, 4TH CENTURY B.C. 


He who has an absolutely clear insight into the immediate 
cause of an illness, must be considered preeminently capable 
of combating it. 


HERMANNI BOERHAAVE, 1703 


The young physician starts life with twenty drugs for each 
disease, and the old physician ends life with one drug for 
twenty diseases. 


Sir WILLIAM OSLER, LATE 19TH CENTURY 


The past 25 years have witnessed remarkable ad- 
vances in the science and practice of cardiology. Barely 
a generation ago, clinical assessment was largely con- 
fined to auscultation, electrocardiography, phonocar- 
diography, and radiography; angiography was the gold 
standard for anatomic diagnosis but was generally a 
province of referral institutions. Therapy often cen- 
tered on furosemide, digitalis glycosides, propranolol, 
and a few other agents, and correction of congenital 
anomalies was the purview of surgeons. In contrast, 
today’s clinical environment offers an impressive array 
of technologic advances. High resolution, noninvasive 
imaging has replaced invasive angiocardiography as 
the gold standard for morphologic diagnosis. A broad 
range of therapeutic options have become available, 
including a plethora of new cardiovascular drugs and 
related agents. Furthermore, nonsurgical interven- 
tional techniques are becoming widely introduced to 
correct certain congenital anomalies. 

The exponential expansion of knowledge associated 
with these rapid changes presents unique challenges 
to the student, practitioner, and specialist. Since the 
first edition of Canine and Feline Cardiology was pub- 
lished in 1988, clinicians must increasingly divide their 
time between the burgeoning medical literature, keep- 
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ing abreast of new and complex technologies, and a 
bewildering mountain of information. Accordingly, we 
intended Textbook of Canine and Feline Cardiology: Prin- 
ciples and Clinical Practice, 2nd edition, to be a com- 
plete, cutting-edge, and authoritative treatise of clinical 
cardiology. Toward this end, we enlisted some of the 
most notable leaders in the field, and focused their 
expertise into a comprehensive and usable source of 
definitive information. 

Physicians have stated through antiquity that in or- 
der to provide optimal care, one must first understand 
the fundamental bases which underlie structure and 
function. Consequently, we have included the essential 
aspects of cardiac anatomy, phyisology, pathology, and 
pharmacology and synthesized these elements with dis- 
cussions of diagnostic techniques and principles of 
therapy. In this fashion, we have attempted to bring 
together the “state of the art’? into one practical 
source designed to bridge the gap between clinical 
cardiology and the empiric foundation on which such 
practice should be based. 

To accomplish these goals we have organized this 
textbook as a multipurpose resource incorporating the 
best features of an atlas, a reference, and a clinical 
guide. In order to allow recent medical advances to be 
readily grasped, the text employs a practical and easy- 
to-use format, combined with detailed figures and ex- 
tensive bibliographies. By this construct, the 2nd edi- 
tion covers all clinical, diagnostic, and treatment facets 
of canine and feline cardiology. It begins with the 
anatomic and physiologic basis of cardiovascular struc- 
ture and function; integrates these concepts with pa- 
tient assessment, diagnostic methods, and examina- 
tion; reviews abnormal cardiovascular function; 
discusses principles of therapy; details congenital and 
acquired cardiovascular diseases; and reviews salient 
cardiovascular surgery and anesthesia. Thus, it is our 
hope that this textbook will assist a broad range of 
students, practitioners, and specialists who are respon- 
sible for evaluating and treating the cardiac patient to 
do the right thing for the right reasons, and to do 
them dependably, consistently, and effectively. 
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A unique and notable aspect of this work emanates 
from the fact that it represents the comprehensive 
expertise of 50 cardiologists and allied specialists. As 
such, it represents the largest multi-authored cardiol- 
ogy textbook in the world. These contributors are not 
only international authorities in their respective fields 
but are also preeminent and thoughtful clinicians. We 
have made every effort to synthesize and integrate 
their extensive experience into a focused, systematic 
approach to provide the most advanced resource avail- 
able on canine and feline cardiology. 

I extend my deep appreciation to our numerous 
contributors who have generously shared their knowl- 
edge, innovation, creativity, and time. It has been a 
rewarding experience and a pleasure to collaborate 
with each of them. We sincerely thank Frank Pipers 
and Merial Limited for a grant which made possible 
the reproduction of color plates for this textbook, 


and acknowledge their support for the International 
Cardiac Health Council. We have enjoyed working with 
our students, interns and residents, technicians, and 
colleagues, who will continue to be our partners in 
learning. And to the many pets whom I have treated 
and from whom I have learned, I remain grateful. 

I am especially appreciative of David Sisson and 
Sydney Moise who have remained my dear friends 
through the trials and tribulations of editing this text- 
book. Together, we ardently sought to capture the 
current knowledge, collective excitement, and magic 
that is the hallmark of this rapidly moving field. It is 
our wish that you will use this textbook with expertise 
and confidence to improve care for your patients, to 
stimulate future diagnostic and therapeutic advance- 
ments, and to educate trainees who wish to learn cardi- 


ology. 


PHILIP R. Fox, D.V.M. 
The Animal Medical Center 
New York, New York 

1999 


Philip Fox Sydney Moise David Sisson 


NOTICE 


Companion animal practice is an ever-changing field. Standard safety precau- 
tions must be followed, but as new research and clinical experience grow, 
changes in treatment and drug therapy become necessary or appropriate. 
The authors and editors of this work have carefully checked the generic and 
trade drug names and verified drug dosages to assure that dosage informa- 
tion is precise and in accord with standards accepted at the time of publica- 
tion. Readers are advised, however, to check the product information cur- 
rently provided by the manufacturer of each drug to be administered to be 
certain that changes have not been made in the recommended dose or in 
the contraindications for administration. This is of particular importance in 
regard to new or infrequently used drugs. Recommended dosages for ani- 
mals are sometimes based on adjustments in the dosage that would be 
suitable for humans. Some of the drugs mentioned here have been given 
experimentally by the authors. Others have been used in dosages greater 
than those recommended by the manufacturer. In these kinds of cases, the 
authors have reported on their own considerable experience. It is the 
responsibility of those administering a drug, relying on their professional 
skill and expericence, to determine the dosages, the best treatment for the 
patient, and whether the benefits of giving a drug justify the attendant risk. 
The editors cannot be responsible for misuse or misapplication of the 
material in this work. 
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PLATE 1 


Eight-month-old, polycythemic cat with cyanotic congenital heart disease (tetralogy of Fallot). Mucous 
membranes reveal cyanosis (courtesy of Dr. Philip Fox). 


PLATE 2 


Retinal photograph from a dog with systemic hypertension. Lesions include preretinal and intraretinal 
hemorrhage, mild vascular tortuosity, and intraretinal edema (courtesy of Dr. Sandra Van der Woerdt). 


PLATE 3 


Color-flow Doppler echocardiogram (short-axis view) 
recorded at the heart base from a dog with severe 
pulmonic stenosis. Disturbed systolic flow is recorded 
as color variance (yellow/red/green) beginning at 
the pulmonic valve. AO, aorta; PA, pulmonary artery 
(courtesy of Dr. Philip Fox). 


PLATE 4 


Color M-mode can be useful to help 
time flow events. In this dog with 
subaortic stenosis, highly disturbed, 
turbulent flow was recorded as color 
variance (yellow/green) during systolic 
ejection through the aortic valves. 
Arrows indicate onset of systole. 
Pandiastolic aortic regurgitation is 
coded as red. AO, aortic root; LA, left 


r jh ———— atrium (courtesy of Dr. Philip Fox). 
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PLATE 5 


Top: Color-flow Doppler echo- 
cardiogram (right parasternal 
long-axis view) from a cat with 
ventricular septal defect (VSD). 
Blood shunting toward the trans- 
ducer—from the left ventricle (LV) 
across the VSD, to the right ven- 
tricle (RV)—is coded red. Color 
variance (yellow/green) results 
from increased flow velocity. 
Bottom: Transseptal interrogation 
of the defect by continuous-wave 
Doppler records a high systolic 
velocity (5.5 m/sec), suggesting a 
small (“restrictive”) VSD. A max- 
imal gradient of 121 mmHg (i.e., 
pressure drop across the defect) 
was estimated using the Bernoulli 
equation. The spectral trace above 
the baseline indicates systolic flow 
toward the transducer (courtesy of 
Dr. Philip Fox). 


PLATE 6 


Color-flow Doppler echocardiogram 
(right parasternal short-axis view) 
recorded at the heart base from a 
dog with a restrictive VSD. Systolic 
flow crosses the defect below the 
aortic root (AO), moves anteriorly 
and toward the RV outflow tract 
and pulmonary artery (PA). The 
very bright mosaic of color signals 
(aliasing) is associated with turbu- 
lent flow. Compare the normal, 
laminar flow through the PA here 
(coded blue—away from the trans- 
ducer), with the disturbed flow in 
Plate 3. LA, left atrium; RA, right 


atrium (courtesy of Dr. Philip Fox). 
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PLATE 7 


Color-flow Doppler echocardiogram (right parasternal 
long-axis view) of a dog with a sinus venosus atrial septal 
defect. Blood shunts through the defect from the left 
atrium (LA) into the right atrium (RA) and is coded red, 
signifying flow toward the transducer. The color signal 
changes from red to blue indicating the aliasing point 
(i.e., the point where the blood velocity exceeds the 
system’s ability to accurately record it.) LV, left ventricle 
(courtesy of Dr. Philip Fox). 


PLATE 8 


Color-flow Doppler echocardiogram (left 
apical four-chamber view) of a dog with a 
large ostium primum atrial septal defect, 
which comprised part of an endocardial 
cushion defect. Flow toward the transducer 
(coded red) crosses the defect in the lower 
atrial septum, and also moves through the 
mitral and tricuspid valves to fill each respec- 
tive ventricle during diastole. LV, left ven- 
tricle; RV, right ventricle (courtesy of Dr. 
Steven Rosenthal). 


PLATE 9 


Color-flow Doppler echocardiogram (left 
apical five-chamber view) recorded from the 
same dog in Plate 8 after surgical repair of 
the defect. Flow is no longer recorded across 
the basal atrial septum, but instead travels 
normally from the LA to the LV during dia- 
stolic filling (courtesy of Dr. Steven 
Rosenthal). 


PLATE 10 


Color-flow Doppler echocardiogram (right 
parasternal long-axis view) from a dog with 
atrioventricular valve endocardiosis and 
regurgitation. The mitral and tricuspid 
regurgitant jets are displayed as mosaic col- 
ored signals caused by turbulent flow (vari- 
ance is indicated by yellow/green), origi- 
nating from the mitral and tricuspid valves, 
respectively (courtesy of Dr. Philip Fox). 
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PLATE 11 


Photomicrograph (Masson 
trichrome stain) of a section of 
ventricular septum from a cat with 
idiopathic hypertrophic cardio- 
myopathy. Two abnormal intra- 
mural coronary arterioles display 
severe wall thickening (arterio- 
sclerosis, or “small vessel” dis- 
ease), and are surrounded by blue 
staining fibrous connective tissue. 
Myofiber disarray is present, par- 
ticularly in the right-hand region 
(courtesy of Dr. Si-Kwang Liu). 


PLATE 12 


Photomicrograph (Masson 
trichrome stain) of a left ventric- 
ular myocardial section from a cat 
with idiopathic myocardial failure. 
Severe myocardial necrosis is pre- 
sent. Diffuse and massive replace- 
ment fibrosis with mid-mural 
accentuation is indicated by the 
dark blue staining tissue (courtesy 
of Dr. Si-Kwang Liu). 
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Structure, 
Function, and 


Physiology 


Embryologic 
Development: 


The Heart and Great 
Vessels 


SANFORD P. BISHOP 


A thorough knowledge of developmental anatomy is essential to assist 
clinical differentiation of normal and pathologic cardiovascular disorders. 
Detailed reviews of embryologic development and an excellent description 
of cardiac morphogenesis have been reported.° 

Developmental abnormalities result in a variety of cardiac defects (chap- 
ters 23, 24), the most severe of which cause early embryo death. Only a 
portion of animals with abnormalities survive to birth with congenital heart 
disease; many of these result in clinical signs early in life, whereas milder 
forms may be asymptomatic or not cause signs until adulthood. 


EMBRYOLOGY 


EARLY FORMATION OF THE HEART 


The heart originates as paired structures in the splanchnic mesoderm, 
first appearing at about the three- to foursomite stage. This mesodermal 
tissue eventually becomes the myocardium. Shortly afterward, endocardial 
tissue, also from the mesoderm, combines bilaterally with the myocardial 
progenitor tissue to form paired endocardial tubes. These paired endocar- 
dial tubes migrate centrally and fuse to form a single straight cardiac tube 
consisting of myocardium, endocardium, and associated extracellular mate- 
rial. At this stage, interference with fusion of the two paired structures can 
result in formation of two independent beating hearts, one on each side of 
the embryonic midline. 

Conotruncal cardiac malformations result from abnormalities in develop- 
ment of neural crest—-derived tissue.” They include tetralogy of Fallot, 
transposition of the great vessels, subaortic ventricular septal defects, double 
outlet right ventricle, and other outflow tract abnormalities. 


CARDIAC LOOP 


The straight cardiac tube is contained in the primitive pericardial cavity 
and has the ventral aorta on its anterior end and the omphalomesenteric 
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veins at the posterior end. The tube undergoes a series 
of bends and folds to form the cardiac loop with the 
various clearly defined structures, the sinus venosus, 
atrium, ventricle, and bulbus cordis (Fig. 1-1). The 
caudally located sinus venosus receives blood from the 
entire embryo and is separated from the atrium by the 
sinoatrial sulcus, the site of the future sinoatrial node 
or pacemaker of the heart. During final stages of car- 
diac loop development, the atrium forms two lateral 
lobes but is still a single chamber. Caudal to the atrium, 
the ventricle takes on a saccular shape and is separated 
from the atrium by a distinct atrioventricular canal. 
The bulbus cordis is separated from the ventricle by 
the bulboventricular sulcus. The region adjacent to 
the ventricle will become the infundibular region of 
the adult heart, and the most cranial portions will 
form the aorta and pulmonary artery (Fig. 1-2). 


VENTRICLE FORMATION 


Cardiac contractile activity begins during the early 
cardiac loop stage when myocytes have discernible ac- 
tin and myosin contractile proteins.’ ! Although 
valves are not yet formed, forward flow of blood is 
maintained by constriction of the tube at the atrioven- 
tricular canal. The endocardium is separated from the 
myocardium by an extensive extracellular matrix of 
glycosaminoglycans and glycoproteins, the cardiac jelly. 
The cardiac jelly aids in forming a valvelike action of 
the primitive heart, and once pulsatile forward flow of 
blood is established during cardiac loop formation, 
blood pressure of about 1 mmHg may be recorded in 
the chick embryo.” '* By completion of septation at 6 
days in the chick embryo, left ventricular systolic pres- 
sure is 3.5 mmHg" and by the time of hatching, blood 
pressure is reported to reach 30 mmHg." 


vent. ao. 


vent. 


During formation of the cardiac loop, the endocar- 
dium invaginates through the cardiac jelly and into 
the myocardium, forming trabeculae that persist into 
adult life and form the papillary muscles. The cardiac 
jelly disappears from the ventricular portion with the 
development of trabeculation but persists longer in 
the atrioventricular canal and bulbus cordis regions. 
The cardiac jelly is invaded by endocardial cells and in 
these latter regions forms the endocardial cushions 
that participate in cardiac septation. 


SEPTATION 


After the development of the cardiac loop stage, the 
heart undergoes a series of septations that divide the 
left and right sides of the structure. However, openings 
remain between all chambers, resulting in two parallel 
communicating circulations. The bulbus cordis elon- 
gates and separates into two channels, forming the 
aorta and pulmonary artery. Muscle tissue disappears 
distal to the tricuspid valve primordia. The proximal 
portions of the bulbus cordis form the infundibular 
muscular regions of the ventricles. The sinus venosus 
becomes separated from the left atrium by deepening 
of the atrioventricular sulcus and opens only into the 
right atrium. The caval veins obtain independent 
openings into the right atrium, and part of the sinus 
venosus becomes the coronary sinus (Fig. 1-3A). At 
the same time, the pulmonary veins connect with the 
left atrium. In the adult heart, the smooth portions of 
the left and right atrium are derived from the sinus 
venosus region of the cardiac loop. Irregular pectinate 
portions are derived from embryonic atria. 

In the ventricle, septation begins from the apex by 
extension of the trabeculation process and growth of 
tissue toward the atrioventricular canal, forming the 
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FIGURE 1-1 


Ventral views of the developing heart, illustrating 
formation of the cardiac loop from the straight 
cardiac tube. ao. arch, aortic arches; AV const., 
atrioventricular constriction; bulb. cord., bulbus 
cordis; BV sulc., bulboventricular sulcus; Cuv. d., 
Cuvier’s duct; omph. v., omphalomesenteric veins; 
SA sulcus, sinoatrial sulcus; sin. ven., sinus 
venosus; ven. c., venae cavae; vent., ventricle; vent. 


atrium : 
ao., ventral aortic roots. 


AV const. 
Cuv. d. 


FIGURE 1-2 


Scanning electron micrographs 
of chick embryo hearts, showing 
modifications of the external 
form of the heart at postlooping 
stages (ventral views). (A) Third 
day of incubation. At this stage, 
the bulbus cordis (T + C) cannot 
be separated into its two 
components. Arrows indicate the 
interatrial (top) and 
interventricular (bottom) sulci. (B) 
Fourth day of incubation. The 
bulbus is growing longitudinally 
and bends around a transverse 
axis. This is the point at which its 
two components, truncus and 
conus, can be distinguished. 
Compare the size of the two 
atria. (C) Fifth day of incubation. 
Note the rapid growth of the 
right atrium. (D) Sixth day of 
incubation. The proximal 
segments of the aorta and 
pulmonary artery are already 
formed. However, there is no 
external separation. Note the 
location of the interventricular 
sulcus (arrowhead). The apex of 
the heart is already formed by 
the left ventricle. 

A, atrium; Ao, aorta; A-Vc, 
atrioventricular canal; C, conus; 
LA, left atrium; P, pulmonary 
artery; RA, right atrium; T, 
truncus; V, ventricle. 
(Reproduced by permission from 
Icardo JM: The growing heart: 
An anatomical perspective. In 
Zak R (ed): Growth of the Heart 
in Health and Disease. New York, 
Raven Press, 1984, p 41.) 


primary interventricular foramen (Fig. 1-38). The pri- 
mary interventricular foramen partially closes by form- 
ing a connective tissue mass when the ventral septal 
tissue fuses with the septal portion of the atrioventricu- 
lar (AV) cushion. However, the ventral portion of the 
primary interventricular foramen remains open, be- 
coming the connection of the aorta with the left ventri- 
cle. Ventricular septal defects result when this ventricu- 
lar septal partition fails to close; they may be located 
anywhere from the pulmonic infundibular region to 
the aortic outflow region. 

In the atrium, the septum primum extends from 
the dorsal atrial wall toward the atrioventricular canal, 
forming the ostium primum. This opening is normally 
completely occluded when the septum primum fuses 
with the dorsal and ventral endocardial cushions (Fig. 
1-3C). At the same time, perforations appear in the 
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superior portion of the septum primum and eventually 
coalesce, forming the ostium secundum. Another 
septum—the septum secundum—arises from the dor- 
sal atrial wall, descends down over the right side of the 
septum primum, and joins the atrioventricular canal 
cushion. An opening called the fossa ovalis persists in 
the septum secundum. This fossa ovalis is normally 
covered by the septum primum, forming the valve of 
the fossa ovalis (Fig. 1-3D). Defects in this region 
include (1) patient foramen ovale (due to failure of 
normal postnatal anatomic closure of this opening), 
(2) ostium primum defects (due to incomplete fusion 
of the septum primum with the atrioventricular cush- 
ions), and (3) ostium secundum defects (the septum 
primum opening remains unduly large and the septum 
primum does not cover the fossa ovalis). 
Atrioventricular valve formation occurs late in the 
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first trimester in mammals, long after the cardiac septa- 
tion is completed.'® The atrioventricular canal forms 
the dorsal and ventral endocardial cushions, which 
fuse with the atrial and ventricular septa, giving rise to 
the mitral and tricuspid valves (Figs. 1-3C,D). The 
valves form from tissue folds derived in ventricular 
walls and endocardial cushions, through a process of 
mesenchymal cell death and mesenchymal transforma- 
tion of endocardial cells. Perforations in the cusp ap- 
pear and coalesce to form the chordae tendineae and 
papillary muscles.'? Developmental anomalies in the 
atrioventricular cushions result in persistent openings 
between the chambers, usually accompanied by clefts 
in the anterior leaflet of the mitral valve, and some- 
times in the tricuspid valve as well. These endocardial 
cushion defects are especially common in the cat. 
Semilunar valves also develop relatively late in car- 
diac morphogenesis. Following conotruncal septation, 
three cushions form within the aortic and pulmonary 
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lumens, consisting of cardiac jelly seeded with mesen- 
chymal cells and covered with endothelium. Abnormal 
blood flow during development results in thickened 
leaflets and commissural fusion.'® '° A range of pul- 
monic valve abnormalities have been described in the 
beagle dog related to a recessive gene with incomplete 
penetrance.” Additional conotruncal lesions, includ- 
ing tetralogy of Fallot, have been described in the dog 
attributable to a genetic basis.” ** Pathogenesis of 
other defects involving the semilunar valves and subval- 
vular outflow tract region may be due to a genetic 
predisposition in combination with abnormal flow 
characteristics during valve formation. 


AORTIC ARCHES 


Six pairs of aortic arches develop with the embryonic 
heart. In mammals, the first, second, and fifth pairs 
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FIGURE 1-3 


Ventricular 
septal tissue Septal development of the heart. 
(A-D) Drawings illustrating 
development of ventricular and 
atrial septa and formation of 
atrioventricular valves by the AV 
endocardial cushions (from the 
postloop stage to late fetal 
development). AVC, anterior 
vena cava; C.S., coronary sinus; F. 
ovalis, fossa ovalis; F. ovale, 
foramen ovale; LA, left atrium; 
LV Post. Pap., left ventricle 
posterior papillary muscle; O. 
sec., ostium secundum; O. prim., 
ostium primum; Pul. v., P.V., 
pulmonary veins; PVC, posterior 
vena cava; RA, right atrium; S. 
sec., septum secundum; S. prim., 
septum primum; S. spurium, S. 
spur., septum spurium. 
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FIGURE 1-4 
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(A-C) Development of the aortic arch system in the dog and cat. Only the third, fourth, and sixth 
arches are retained, and the seventh intersegmental arteries form the subclavian arteries. (Modified 
from Van Mierop LHS, Kutsche LM: Embryology of the heart. Jn Hurst JW (ed): The Heart. Vol 1, 


5th ed. New York, McGraw-Hill, 1982, p 7.) 


regress completely at an early stage, and the third pair 
forms the internal carotid arteries. The left fourth arch 
forms a portion of the aortic root, joining with the 
persistent left dorsal aorta. The right fourth arch forms 
the root of the subclavian artery, and the distal right 
dorsal aorta disappears. The sixth arches form the 
pulmonary arteries, and the distal portion of the left 
retains its connection with the dorsal aorta as the 
ductus arteriosus (Fig. 1—4; see also Fig. 24-39). 

A variety of vascular ring anomalies are possible due 
to malformations in the development of the aortic 
arches. The most common in dogs is persistence of 
the right fourth aortic arch. This results in entrapment 
of the esophagus between the pulmonary artery, tra- 
chea, and the ligamentum, or patent ductus arteriosus. 


PULMONARY VEINS 


The lungs develop from primitive foregut indepen- 
dent of the heart. They drain during early embryo- 
genesis to the cardinal and umbilicovitelline veins. 
Pulmonary veins develop from the left atrium to com- 
municate with pulmonary venous drainage. Failure of 
this system to develop normally can result in anoma- 
lous pulmonary venous drainage. 


CORONARY VASCULATURE 


The coronary circulation appears relatively late in 
development, showing up initially as remnants of the 
trabecular channels remaining patent to form the ini- 


tial capillary bed. Prior to this time, myocardial nutri- 
tion is supplied by the trabecular myocardial sinusoidal 
system. Coronary arteries arise as buds from the aortic 
root that connects to the capillaries. Although mecha- 
nisms of coronary vascular development are unknown, 
a variety of physical and chemical factors have been 
experimentally shown to influence vascular growth.”* 
These signals include mechanical factors, endothelial 
migration, chemical signals from perivascular cells, 
and autonomic nerve fibers, which extend into the 
myocardium at the same time as the coronary vessels 
develop. 


SPECIALIZED CONDUCTION TISSUE 


Functional specialized conduction tissue may first be 
recognized at the end of the cardiac loop stage,” 
when the heart has already been beating for some 
time. The specialized conducting tissue, including the 
sinus and atrioventricular nodes, and the Purkinje fi- 
bers appear to develop from myocardial cells, forming 
rings that fuse at the crux of the heart.” Cells in the 
sinus venosus beat at a faster rate than those of the 
ventricle, even in the cardiac loop stage. Although 
little is known about the ontogeny of the conducting 
system, these more rapidly beating cells in the sinus 
venosus presumably become the sinus node.” 


TRANSITION FROM FETAL TO 
NEONATAL BLOOD FLOW 


During circulatory development from the embry- 
onic to fetal to neonatal stage, transformation occurs 
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in blood flow, from a single circular system to a double 
parallel circuit and finally, to a double circulation in 
series (Fig. 1-5). In the early embryo, all blood enters 
the heart through a single venous sinus, traverses 
straight through the heart, and is distributed to the 
body and placenta by way of the conotruncal bulb and 
the aortic arches. As partitioning develops, a double 
circuit is formed with parallel flow and cross-over prox- 
imal and distal to the ventricles. Virtually all blood 
entering the right atrium from the head and forepart 
of the body is shunted by a muscular fold on the atrial 
septum adjacent to the fossa ovalis directly into the 
right ventricular cavity. This poorly oxygenated blood 
is pumped by the right ventricle to the pulmonary 
artery, across the ductus arteriosus, to the descending 
thoracic aorta en route to the placenta and lower body. 
The pulmonary vasculature has very high resistance 
owing to fluid surrounding the vessels and owing to 
vasoconstriction in response to the low blood oxygen 


Aortic Isthmus 


FIGURE 1-5 


Diagrammatic representation of blood circulation during the late 
fetal period. Note that the most highly oxygenated blood returning 
to the heart from the placenta via the posterior vena cava is 
shunted mainly across the interatrial septum to the left ventricle, 
and that vessels to the heart and head receive this highly 
oxygenated blood. Oxygen-depleted blood coming from the head 
is returned to the right ventricle, traverses the ductus arteriosus, 
and enters the aorta distal to the vessels to the heart and head 
(white arrow). da, ductus arteriosus. 


content. Only 5 to 10 percent of right ventricular and 
pulmonary artery blood traverses the lungs. 

Highly oxygenated blood returning from the pla- 
centa and umbilical vein crosses the ductus venosus 
and enters the right atrium through the postcava. The 
anatomic relationship of the postcava and the fossa 
ovalis allows most of this blood to be shunted directly 
through the fossa ovalis to the left atrium and ventri- 
cle. This highly oxygenated blood then enters the root 
of the aorta where most is distributed to the head and 
heart. The remainder traverses the aortic isthmus to 
be mixed with poorly oxygenated blood entering the 
aorta through the ductus arteriosus. The oxygen-poor 
blood from the distal postcava is preferentially shunted 
to the tricuspid valve and enters the right ventricle.” 
Thus, two parallel circuits are present in the fetal 
period, which deliver highly oxygenated blood to the 
brain and heart and less well oxygenated blood to the 
placenta. 

Abnormalities of cardiac development do not cause 
functional abnormality in the fetus as long as there is 
communication between the right and left sides of the 
circulatory system. However, stenoses and abnormal 
circulatory patterns may result in reduced flow, caus- 
ing underdevelopment or hypoplasia of the affected 
chamber or vessel. Semilunar valve stenoses (e.g., pul- 
monic stenosis) may cause chamber enlargement prox- 
imal to the stenosis due to increased right ventricular 
workload. Experimentally, left ventricular enlargement 
may be induced by placing a band on the aortic arch 
in the fetus, or left ventricular hypoplasia may be 
caused by inflow obstruction to the left ventricle.” 
Right ventricular enlargement has been produced in 
fetal lambs by pulmonary artery constriction.” 


BLOOD FLOW CHANGES AT BIRTH 


At the time of birth and during the subsequent 
early neonatal period, circulatory changes result in the 
formation of two separate circuits in series. When air 
is introduced into the lungs, the fluid media sur- 
rounding the vasculature is replaced, thus reducing 
vascular resistance. With exposure to oxygen, pulmo- 
nary vasculature dilates. At the same time, the placen- 
tal circulation is removed. This increases systemic resis- 
tance and prevents right-to-left blood flow through 
the ductus arteriosus. The musculature of the ductus 
arteriosus is highly sensitive to oxygen and contracts 
when exposed to the now increased oxygen content of 
blood coming from the lungs.” ** In addition, the 
ductus arteriosus musculature is responsive to prosta- 
glandins that are present at birth, and its closure may 
be induced by prostaglandin inhibition.” *° 

In the fetus, approximately two thirds of the re- 
turning blood enters the right ventricle, causing the 
right side of the heart to be as large as or larger than 


the left side. With closure of the ductus arteriosus and 
reduction in pulmonary resistance, a larger volume of 
blood now enters the left atrium. This increases left 
atrial pressure and forces the septum primum flap 
against the septum secundum. Effective functional clo- 
sure of the fossa ovalis occurs, completing the forma- 
tion of two circulatory systems in series. 

After the completion of septation, the fetus enters a 
rapid growth phase, and there is a progressive rise in 
arterial blood pressure. In the sheep, peak systolic 
pressure at 120 to 130 days of gestation (of 145 days) 
is reported to be 45 to 50 mmHg.* *” In chick em- 
bryos, arterial pressure has been reported to be up to 
30 mmHg at hatching. In the newborn rat we have 
measured femoral artery blood pressure using a servo- 
null micropressure system; at birth, mean femoral ar- 
tery pressure was 18 mmHg, increasing to 30 mmHg 
by 3 days of age, 50 mmHg by 12 days, and 75 mmHg 
by 21 days of age.* In the newborn dog we have 
measured ventricular pressure by transthoracic punc- 
ture of the left and right ventricles with a 21-gauge 
needle. In newborn puppies, systolic pressure was 35 
to 50 mmHg in the left ventricle and 23 to 40 mmHg 
in the right ventricle. Left ventricular pressures rapidly 
increased to 75 to 90 mmHg at 3 to 7 days of age, and 
to 120 mmHg by 3 to 4 weeks of age, while right 
ventricular pressure remained at 20 to 30 mmHg.*™* 


FETAL AND NEONATAL 
MYOCARDIAL 
CELL GROWTH 


In fetal life, right ventricular blood flow is approxi- 
mately twice that of the left ventricle. As a result, right 
ventricular muscle mass equals or exceeds that of the 
left ventricle until the time of birth. Although very few 
data are available, pressures in both ventricles in utero 
are presumably nearly equal, since there is large open 
communication between the two parallel circulatory 
systems. Following birth, however, left ventricular pres- 
sure rapidly increases, while right ventricular pressure 
remains stable. 


NEONATAL VENTRICULAR GROWTH 


In the normally growing neonatal dog, right ventric- 
ular free wall weight remains stable for approximately 
10 days after birth. Left ventricular weight increases 
continuously in a linear fashion from the time of birth 
(Fig. 1-6). Right ventricular free wall weight is only 
slightly less than combined left ventricle plus septum 
(including the right ventricular portion of the septum) 
at the time of birth. The relationship rapidly changes, 
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Cardiac Growth in Neonatal Puppies 
Ventricular wt./Body wt. 
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FIGURE 1-6 
Graph displaying ratios (g/kg of left ventricle plus septum to body 
weight [BW], and right ventricular free wall to BW) in normally 
growing neonatal dogs. Values are expressed as mean + SD for 66 


dogs (3 to 17 dogs per sampled time period). LV, left ventricle; S, 
septum; RV, right ventricle. 


and by 2 weeks of age, the adult ratio of right-to-left 
ventricular weight is obtained. Thereafter, growth is 
proportionate between left and right ventricles. 


CONVERSION FROM HYPERPLASTIC TO 
HYPERTROPHIC MYOCYTE GROWTH 


During the embryonic and fetal growth periods, in- 
crease in heart mass is predominantly a result of cell 
number multiplication (i.e., hyperplasia). Cellular hy- 
perplasia continues into the early neonatal period, 
when the cells enter a transitional stage of mixed 
hyperplastic and hypertrophic growth. Finally, the myo- 
cytes undergo a final nuclear mitosis, often without a 
subsequent cellular division, resulting in many binucle- 
ated cells.” In the dog, this transition period starts at 
about 2 weeks of age,” and by 6 weeks of age, 80 to 
85 percent of canine myocytes are binucleated.* 4! 
Thereafter, virtually all increase in cardiac mass is due 
to increase in myocyte size (i.e., hypertrophy), with addi- 
tion of other cellular components such as coronary 
vasculature and connective tissue. 


EFFECT OF WORK OVERLOAD 
ON THE FETAL AND NEONATAL 
HEART 


The type of myocardial cell growth resulting from a 
pressure or volume overload will determine the cellu- 
lar response. For example, severe pulmonic stenosis 
will produce a load on both ventricles during the fetal 
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period, causing biventricular enlargement due to an 
increased number of myocytes (hyperplasia). Both ven- 
tricles are involved since there is free communication 
between cardiac chambers in the fetus. The massive 
cardiac enlargement at birth will be due to increased 
numbers of normal-sized cells. On the other hand, 
canine congenital subaortic stenosis does not typically 
result in severe outflow tract obstruction until the ani- 
mal is several months of age. The mechanism of cell 
growth at this age is hypertrophy, and compensatory 
myocardial thickening will be the result of increased 
cell size with no increase in cell number. Although the 
clinical significance of these two responses to increased 
work overload has received little study, the different 
mechanisms of cellular response could result in differ- 
ent outcomes to surgical or therapeutic treatment. 


MYOCARDIAL 
ULTRASTRUCTURE 


During embryonic and early fetal development, car- 
diac myocytes are poorly differentiated, with randomly 
arranged myofilaments. Cells have a spherical or ovoid 
shape, and intercellular connections are not devel- 
oped. By the time of birth, myocytes have become 
elongated and there is a definite longitudinal orienta- 
tion of myofilaments and organization into myofibrils. 
Presumably, this is at least partially a consequence of 
remodeling effects caused by intraluminal pressure. 
During the continued postnatal hyperplastic growth 
phase, intercellular connections are very poorly devel- 


oped, and there is an immature interstitial collagenous 
connective tissue. Following completion of the last cel- 
lular division and the initiation of hypertrophic 
growth, the cellular ultrastructure rapidly assumes the 
adult ultrastructural appearance, and all further 
growth is due to uniform addition of all cellular com- 
ponents. 

In the early neonatal period, myocytes have a ta- 
pered shape, and there is an absence of T tubules in 
canine myocardium. Myocytes have a cross-sectional 
area of about 30 m?, and the myofibrils are located 
at the cell periphery.“ Both myofibrils and mitochon- 
dria are relatively sparse compared with adult myocar- 
dium. Glycogen and ribosomes are abundant. Intercel- 
lular junctions are present but do not have the 
transverse steplike structure present in mature myocar- 
dium. Components of the intercalated disc, including 
desmosomes, filament attachment areas (fascia ad- 
herens), and nexus regions, are present around the 
cell periphery. Mitoses are frequently evident in neona- 
tal cardiac myocytes. During mitosis, there is dissolu- 
tion of myofibrillar organization with complete loss of 
Z-band material. 

By 6 weeks of age in the dog, virtually all mitotic 
activity has ceased, and both the few remaining single 
nucleated cells and double nucleated cells are increas- 
ing in size. Intercalated discs are well formed, and 
individual myocytes have the characteristic features of 
adult heart muscle cells (Fig. 1-7). T tubules are pres- 
ent, providing an extension of the sarcolemmal surface 
area that penetrates to the deepest part of each cell. 
The sarcolemma makes intimate contact with the sar- 
coplasmic reticulum, both along the outer surface and 
along the T tubules (Fig. 1-8). These junctional areas 


FIGURE 1-7 


Electron micrograph of the left 
ventricular myocardium of a 
normally growing 8-week-old dog. 
Although myocyte size has not 
attained that of the adult, 
internal cell structure is 
indistinguishable from that of the 
adult. Note uniform transverse 
sarcomere alignment of 
myofibrils (my), central location 
of nuclei (N), intercalated discs 
(ICD, arrow), mitochondria (m, 
arrow), and distinct sarcolemmal 
membranes (sm, arrow), with very 
little interstitial space. Cap, 
capillary. Bar = 2 um. 


FIGURE 1-8 


Electron micrograph of normal 
adult canine left ventricle at 
higher magnification than in 
Figure 1-7. Intercalated discs 
(ICD) have nexuses or gap 
junctions (nex), desmosomes (d), 
and filament attachment areas 
(fa). The sarcolemma (sm) 
invaginates at the Z-lines (Z) to 
form the T-tubule system (four 
arrows). The sarcoplasmic 
reticulum (sr) is intimately 
associated with the sarcolemma 
and T tubules and surrounds the 
myofibrils. The sarcomere is 
composed of myosin-containing 
A bands (A), central M lines (M), 
and light I bands (7) flanking the 
Z lines. Bar = 1 pm. 


are the site of calcium and other ion transport into 
the sarcoplasmic reticulum, an important component 
of excitation contraction coupling. Well-organized 
myofibrils fill the entire cytoplasm, and mitochondria 
are diffusely distributed between myofibrils. Nuclei are 
centrally located, with clusters of mitochondria at 
their poles. 

The contractile apparatus of cardiac muscle consists 
of an overlapping arrangement of thin actin and thick 
myosin filaments, together with a variety of other con- 
tractile proteins separated into sarcomeres by dense Z- 
bands (Fig. 1-8). Sarcomeres are aligned in series to 
form myofibrils, which have branching interconnec- 
tions and extend the entire length of the cell. Myofi- 
brils are surrounded by an intimate network of sarco- 
plasmic reticulum, which serves both as a calcium 
source and a sink during myocyte contraction (chap- 
ter 3). 
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CLINICAL UTILITY OF CARDIOVASCULAR 
ANATOMY 


Diagnosis and management of congenital and acquired heart disease are 
founded upon a sound working knowledge of basic cardiovascular anat- 
omy. Clinical abnormalities identified from the history, physical examina- 
tion, and diagnostic tests must ultimately be equated to derangements in 
cardiac structure and function to ensure diagnostic accuracy, direct suitable 
treatment, and assess response to therapy. Accordingly, careful necropsy 
dissection (chapter 37) and study help correlate relevant anatomic and 
pathologic changes (chapter 36) with associated findings from radiography 
(chapter 7), echocardiography (chapter 8), computed tomography (CT) and 
magnetic resonance imaging (MRI) (chapter 10), and surgery (chapter 39). 

The appearance, and consequently interpretation, of the heart and sur- 
rounding structures in the living animal are influenced by a number of 
factors: (1) imaging techniques, (2) effects of inspiration and expiration, 
(3) cardiothoracic motion, (4) body position, such as right or left lateral, 
ventrodorsal or dorsoventral recumbency, and (5) effects of extracardiac 
factors (e.g., obesity, effusions, masses, trauma). Thus, multiple tomographic 
planes (i.e., sagittal [medial], transverse, and frontal {dorsal]) should be 
incorporated to arrive at a composite anatomic assessment. 


THE THORACIC CAVITY 


The shape of the thoracic cavity varies greatly in dogs but is relatively 
more uniform in cats. It is enclosed by the thoracic walls laterally and the 
diaphragm caudally, and it opens cranially to the exterior through the 
thoracic inlet. The thoracic inlet is bounded laterally by the first pair of ribs 
and their costal cartilages, dorsally by the longus colli muscles, and ventrally 
by the manubrium and sternum; it contains the forward portion of the 
cranial mediastinum which encloses the trachea and esophagus (situated left 
lateral to the trachea); recurrent laryngeal, phrenic, and first thoracic 
nerves; common carotid and subclavian arteries; apices of pleural cavities; 
pleural cupulae; and projection of the thymus (Figs, 2-1, 2-2).! 
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THE MEDIASTINUM 


The mediastinum is part of the extrapleural space 
within the thorax and divides the right and left hemi- 
thorax. It is covered and closed off from both pleural 
cavities by the mediastinal pleura and is open cranially 
to the deep fascial planes of neck musculature. The 
mediastinum is connected caudally to the retroperito- 
neal space through the aortic hiatus.” ° It encloses the 
aorta, heart, trachea, esophagus, thymus, vagal and 
other nerves, and vessels entering into and exiting 
from the heart. The cranial mediastinal cavity lies in 
front of the heart and contains fat in obese animals; 
the middle mediastinal cavity contains the heart; and 
the caudal mediastinal cavity is behind the heart. The 
latter contains the descending aorta, the cranial vena 
cava, and the distal esophagus. In most dogs and cats 
the mediastinum is incomplete and permits air or fluid 
to pass between each hemithorax. 


THE PERICARDIUM 


This thin, strong fibrous sac lined by a serous mem- 
brane completely encloses the heart and a small quan- 
tity (0.2 to 5 ml) of fluid within the pericardial cavity. 
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FIGURE 2-1 


Anatomy of the thorax as seen from the 
left lateral projection. The lungs are not 
shown. Compare with Figure 2-2 to 
understand the orientation of structures 
and how they differ between the left 
and right lateral projections. (Reprinted 
with permission. Copyright 1993 by 
Howard E. Evans.) 
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The pericardium is composed of an outer fibrous and 
inner serous component (the latter is divided into 
parietal and visceral layers). At the cardiac base, the 
fibrous pericardium blends with adventitia of the great 
arteries and veins that enter and leave the heart. The 
epicardium is the visceral layer of the serous pericar- 
dium, which is firmly attached to the heart muscle. 
The pericardium is elastic and capable of chronic dis- 
tention to accommodate large volumes. More detailed 
information about its anatomy, vascular supply, in- 
nervation, and function is contained in chapter 29. 


THE PLEURAE 


Serous membranes line the walls of the thoracic 
cavity and cover the lungs and mediastinum. The pleu- 
rae form left and right pleural sacs that constitute the 
pleural cavities, in health, these are only potential spaces 
and contain a scant quantity of fluid that serves to 
lubricate the visceral and parietal pleural surfaces dur- 
ing respiration. When air or effusion collects between 
visceral and parietal pleurae in disease states, the pleu- 
ral space and cavity enlarge.” 
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FIGURE 2-2 


Anatomy of the thorax as seen from the 
right lateral projection. The lungs are 
not shown. Compare with Figure 2-1 to 
understand the orientation of structures 
and how they differ between the left 
and right lateral projections. (Reprinted 
with permission. Copyright 1993 by 
Howard E. Evans.) 
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THE LUNGS 


The left lung is composed of a cranial lobe that is 
divided into cranial and caudal portions, and a caudal 
lobe. The left cranial lobe extends beyond the first 
pair of ribs into the pleural cupola and somewhat to 
the right of the medial plane. The right lung is com- 
posed of cranial, middle, caudal, and accessory lobes. 
Lung lobes overlap each other significantly. 

The pulmonary trunk carries nonoxygenated venous 
blood from the right ventricle to the lungs. It arises 
from the fibrous pulmonary ring at the distal right 
ventricular outflow tract and bifurcates at the respec- 
tive lungs into the left and right pulmonary arteries. 
Pulmonary veins return oxygenated blood from the 
lungs into the dorsum of the left atrium. Pulmonary 
veins generally lie ventral to the pulmonary arteries. 


THE HEART 


The heart is a muscular pump divided into four 
chambers by cardiac valves and septa. It is situated 
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between the third and sixth ribs, and is largely covered 
by the lungs. On the right side, an upside-down, V- 
shaped region, the “cardiac notch,” is formed by the 
lungs, which allow a small region of the pericardium 
to contact the lateral chest wall. In the dog, this occurs 
between the right 4th to 5th intercostal spaces; its 
dorsal apex is opposite the beginning of the distal 4th 
of the 4th rib, approximately between the sternum 
and costochondral junction. In situ, the cardiac base is 
oriented dorsocranially and the cardiac apex is directed 
ventrocaudally, slightly to the left of a transverse plane 
through the diaphragm (Figs. 2-1, 2-2). The cranio- 
ventral right ventricle and caudodorsal left ventricle 
are separated by the longitudinally situated and some- 
what curved interventricular septum, which forms the 
division between ventricles, the blood-pumping cham- 
bers. Each is transversely divided into blood-receiving 
chambers—the left atrium that receives blood from 
the lungs, and the right atrium that receives blood 
from the rest of the body. 

The heart is composed of three layers. The myocar- 
dium comprises the cardiac muscle. The endocardium 
lines the atrial and ventricular cavities. The epicardium 
is the most external layer and covers the myocar- 


dium. 
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IN SITU ORIENTATION 


Viewing the heart in situ helps one understand rela- 
tionships between various structures (Figs. 2-1, 2-2). 
Radiographic and echocardiographic anatomy and in- 
terpretation is greatly enhanced by an appreciation of 
these relationships. 


EXTERNAL CARDIAC ANATOMY 


Cardiac orientation is facilitated by observing the 
locations of the left and right auricles and coronary 
arteries. The coronary groove encircles the heart 
except for the cranioventral aspect associated with the 
dorsal part of the right ventricle (pulmonary conus), 
and it separates the atria and ventricles. From the 
ventrocranial view, the left and right atrial appendages 
are seen on either side of the pulmonary artery trunk 
and aortic root (Fig. 2-3). The right ventricular out- 
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FIGURE 2-3 


Ventrocranial view of the normal external anatomy of the canine 
heart. The cranial cardiac “‘waist’’ is represented by the main 
pulmonary artery (PA), right auricle (RAu), and ascending aorta 
(Ao). The left coronary artery gives off a paraconal interventricular 
branch that accompanies the great coronary vein in the paraconal 
groove (arrowhead). This marks the division between the right 
ventricular free wall (RVFW) and the left ventricular free wall (LV). 
LAu, left auricle; RVOT, right ventricular outflow tract. 


flow tract and main pulmonary artery are most promi- 
nent from this view, whereas the aortic root lies deep 
to the pulmonary trunk. The right ventricular free wall 
normally extends two thirds to three quarters of the 
distance from the coronary groove to the apex of the 
heart. The cardiac apex is formed by the left ventricle. 
The left anterior descending coronary artery courses 
from its origin at the aortic root, between the pulmo- 
nary artery and the left atrial appendage, and diago- 
nally crosses the heart toward the apex. Several diago- 
nal branches course over the free wall of the left 
ventricle and, to a lesser extent, the anterior portions 
of the right ventricular free wall. 

From the dorsocaudal view, the circumflex branch 
of the left coronary artery courses caudally in the 
left coronary groove ‘between the left atrium and left 
ventricle and is visible on the caudal left ventricular 
wall (Figs. 2-4, 2-5). The right coronary artery extends 
caudally in the right coronary groove under the right 
auricle, sending marginal branches to the free wall of 
the right ventricle. The arteries and coronary arteries 
are shown in Figures 2-3, 2-4, and 2-5. The prominent 
sinus node artery (Fig. 2-4) courses from the caudal 
portion of the right ventricular free wall and dorsally 
over the right atrial free wall to the junction of the 
cranial vena cava and the right atrium. It extends 
through this junction, within or adjacent to the sinus 
node, and is a useful landmark for identification of 
the canine sinus node. 

The veins entering the heart can serve as landmarks 
for internal structures. The caudal vena cava enters 
the right atrium at its caudal margin and is useful in 
identifying the opening of the coronary sinus and the 
fossa ovalis (Figs. 2-1, 2-2, 2-4). The cranial vena cava 
enters the dorsal aspect of the right atrium near the 
sinus node (Fig. 2-4). Pulmonary veins enter on the 
dorsal surface of the left atrium. 


THE ATRIA 


Both atria are relatively thin-walled structures. They 
act as reservoirs to receive blood from systemic (right 
atrium) or pulmonary (left atrium) circulations and 
then pump it into their respective ventricles. Each 
atrium has an associated auricular appendage (Fig. 
2-4). 


RIGHT ATRIUM 


The right atrium (RA) lies dorsocranial to the right 
ventricle and receives blood from systemic veins and 
most of the heart (Figs. 2-4, 2-5C,D). An appendage, 
the right auricle, projects forward and downward, adja- 
cent to the distal aspect of the RV outflow tract at the 
level of the pulmonary valves (Fig. 2-3, 2-5A,B). Its 
internal surface is composed of pectinate muscles. 


FIGURE 2-4 


Dorsocaudal view of the normal external anatomy of the canine 
heart. The cranial vena cava (CVC) and sinus node artery (SNA) 
serve as landmarks for the sinus node (SN) (see text for details). 
The caudal vena cava (CdVC) enters the body of the right atrium; 
the right auricle (RAw) is seen at the cranial aspect of the right 
atrium (Fig. 2-3). The circumflex branch of the left coronary 
artery (LCX) and its subsinuosal interventricular branch (PDCA) are 
seen in their respective locations relative to the left ventricular free 
wall (LV) and right ventricular free wall (RVFW). In the normal 
heart, the left ventricle forms the cardiac apex, which is observed 
in the ventrocranial (Fig. 2-3), dorsocaudal, and left lateral (Fig. 
2-5A,B) views. 


There are four openings into the RA (Figs. 2-5, 2-6): 
(1) the cranial vena cava enters the RA from the front 
and from above, draining the head, neck, thoracic 
limbs, ventral thorax, and adjacent abdominal wall; 
the azygos vein usually enters the cranial vena cava 
(although occasionally it enters the RA directly), drain- 
ing part of the lumbar region and caudal thoracic wall; 
(2) the caudal vena cava enters the RA from behind 
and returns blood from the pelvic limbs, abdominal 
viscera, and part of the abdominal wall; (3) the coronary 
sinus enters the RA from the left and lies below the 
cranial vena cava; (4) the right atrioventricular orifice is 
surrounded by the right atrioventricular (tricuspid) 
valve and is situated between the RA and the right 
ventricle (RV). The fossa ovalis is a small depression on 
the medial RA wall located just caudal to the interve- 
nous tubercle, a ridge of tissue situated between open- 


CARDIOVASCULAR ANATOMY 17 


ings of the cranial and caudal vena cava (Fig. 2—5C).® 
It represents the fetal foramen ovalis, which permits RA 
to left atrium (LA) flow during fetal development and 
may be probe patent at necropsy in some animals. 


LEFT ATRIUM 


The LA forms the left dorsocaudal aspect of the 
cardiac base (Fig. 2-5A,B). The left auricle (lined with 
pectinate muscles) lies caudal to the pulmonary conus 
and trunk, which separates it from the cranially posi- 
tioned right auricle (Fig. 2-3). Generally, two or three 
pulmonary veins from the left lung enter into the caudo- 
dorsal LA, and three from the right lung enter into 
the craniodorsal LA (veins from diaphragmatic lobes 
are largest and most caudal) (Fig. 2-5). The left atrio- 
ventricular orifice joins the LA and the left ventricle 
(LV) through the left atrioventricular (mitral) valve 
(Fig. 2-6). 


INTERATRIAL SEPTUM 


Separating both atria, this septum is marked with 
the fossa ovalis on its medial right atrial aspect. At its 
corresponding location on the medial side of the left 
atrial septum, a thin tissue flap representing the valve 
of the foramen ovale is located. 


THE VENTRICLES 


Both ventricles combine to confer a conical struc- 
ture to the heart (Fig. 2-5). The right ventricle is 
cranioventral to the left ventricle. It receives systemic 
blood from the RA and pumps it through the pulmo- 
nary arteries into the lungs. The left ventricle normally 
constitutes the majority of cardiac mass. It receives 
oxygenated blood from the lungs by way of the pulmo- 
nary veins into the left atrium, and pumps this out of 
the aorta into the systemic circulation. Myocardial fi- 
bers form superficial, middle, and deep layers. The 
middle layer is the largest and conforms to a spiral or 
circular arrangement that interdigitates between both 
ventricles. 


RIGHT VENTRICLE 


The RV lies cranioventral to the left ventricle (Figs. 
2-3 to 2-5). It appears crescent-shaped in cross-sec- 
tion, and its free wall is relatively thin compared with 
that of the left ventricle. Blood that fills the RV 
through the right ventricular inflow tract (the right 
atrioventricular orifice delineated by leaflets of the 
tricuspid, or right atrioventricular valve) is pumped 
out the RV outflow tract (conus arteriosus), across the 
pulmonary valves, and into the pulmonary arteries 
(Fig. 2-5C,D). A ridge of muscle, the supraventricular 
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FIGURE 2-5 


Composite of normal canine internal cardiovascular anatomy. Frames A and B are left lateral 
projections and frames C and D are right lateral projections. Frames A and C have intact major 
coronary arteries, but their supporting structures have been cut away in frames B and D to show the 
internal cardiac structures. 

(A) The close proximity of the aorta (A) and pulmonary artery (P) is seen at the base of the heart. 
The main pulmonary artery (P) arises from the right ventricular outflow tract (see also Figs. 2-3, 
2-5D), which is located dorsocranial to the body of the right ventricle (RV). The position of the 
pulmonary valve semilunar cusps at the base of the pulmonary artery is indicated by arrowheads. The 
left coronary artery exits from the left coronary sinus. It branches into a paraconal interventricular 
branch (p), which marks the division between the RV and left ventricle (LV), and a circumflex 
branch (c), which winds dorsocaudally and to the right across the caudodorsal heart surface in the 
coronary groove, At the subsinuosal (dorsal) interventricular groove, the circumflex branch courses 
toward the cardiac apex as the subsinuosal interventricular branch (see Fig. 2- 5C). RAu, right 
auricle; T, trachea; E, esophagus; V, vagal (X) nerve. 

(B) The left heart is opened, exposing the LV inflow tract (i.e., the left atrioventricular orifice 
between the LA and LV delineated by leaflets of the mitral [or left atrioventricular] valve). The 
interventricular septum (S) separates the RV and LV. Just ventrocranial to the ascending aorta (A) 
lies the right auricle (RAu). At the base of the aorta, one of the aortic valve semilunar cusps is 
indicated (arrowhead). The parietal cusp of the tricuspid valve (arrow) delineates one border of the 
RV inflow tract. The LV inflow tract is delineated by the mitral valve. LA, left atrium; RAu, right 
auricle; RPA, right pulmonary artery; LS, left subclavian artery; BT, brachiocephalic trunk. 
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2. Parietal 
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FIGURE 2-6 


The base of the heart from the craniodorsal view. The great vessels and atria have been removed to 
show the cardiac valves. Valve leaflets and their relative positions are illustrated. (From Anderson 
WD, Anderson BG. Atlas of Canine Anatomy. Philadelphia, Lea & Febiger, 1994.) 


crest, is situated obliquely between the atrioventricular third of the septal wall. Although often there are three 


opening and the origin of the conus arteriosus. Papil- major papillary muscles, the number and morphology 
lary muscles are conical, slender muscular projections (i.e., some may be fused or bifid) may vary, especially 
from the RV wall that attach to chordae tendineae. in cats. Chordae tendineae are fibromuscular strands usu- 


Typically, papillary muscles originate from the apical ally arising from the apex of papillary muscles and 


FIGURE 2-5 Continued 


(C) The right coronary artery (RC) delineates the right atrium (RA) and RV. The caudal vena cava 
(CdVC), cranial vena cava (CVC), and azygos vein (Az) are seen entering the RA. The opening of the 
coronary sinus is indicated by a large, curved arrow. Below it the circumflex branch of the left 
coronary artery gives off the subsinuosal interventricular branch (S) at the subsinuosal 
interventricular groove, and courses toward the cardiac apex. The fossa ovalis (FO) is a small 
depression on the medial RA wall located just caudal to the intervenous tubercle, a ridge of tissue 
(small straight arrows) situated between openings of the cranial vena cava and caudal vena cava. The 
RV contains trabeculae carneae (straight arrows) in contrast to the LV chamber whose endocardial 
surface is much smoother and generally lacks these muscular bands (compare RV and LV in Fig. 
2-5D). Pulmonary veins (Pu) are seen entering the left atrium; V, vagus (X) nerve; E, esophagus; T, 
trachea; B, right mainstem bronchus; A, descending aorta. 

(D) The RV and majority of the interventricular septum (S) has been removed to show the left 
ventricle (LV) and LV outflow tract. Papillary muscles (p) serve as attachments for chordae tendineae 
which are then fixed to mitral valve leaflets (small white arrows). Ostia of pulmonary veins (v) are seen 
in the roof of the left atrium (LA). Blood from the LA then passes into the LV inflow tract (through 
the left atrioventricular valve [small white arrows]) to the LV, where it is pumped out across the left 
ventricular outflow tract (LVOT) and into the aorta. The aortic root (A) is observed between the left 
atrium (LA) and main pulmonary artery (P); the location of an aortic valve semilunar cusp is 
indicated by two small black arrows. Pulmonary semilunar valve cusps (small white arrows) are evident 
between the main pulmonary artery and right ventricular outflow tract (RVOT), comprised largely of 
the conus arteriosus. (Modified with permission from Done SH, Goody PC, Evans SA, Strickland NC. 
Color Atlas of Veterinary Anatomy. The Dog & Cat. Vol 3. London, Mosby-Wolfe, 1996.) 
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less commonly from small, muscular ventricular septal 
protuberances (particularly chordae attaching to the 
septal tricuspid valve cusp). They generally arborize 
distally into smaller branches to blend into free mar- 
gins of atrioventricular valve cusps. Their morphology 
is variable, particularly in cats. Trabeculae carneae are 
muscular ridges that are a distinguishing characteristic 
of the RV cavity. They are particularly common on the 
endocardial RV free wall surface, are generally ori- 
ented parallel to the cardiac axis, and coalesce apically 
in the vicinity of the interventricular groove. Con- 
ductile tissue containing Purkinje’s fibers and bundled 
into one or more delicate, branching strands, or trabec- 
ulae septomarginalis (moderator bands), may bridge to 
the septal wall, to papillary muscles, or to the RV 
free wall. 


LEFT VENTRICLE 


The LV is a conical chamber characterized by a 
relatively thick wall, the apex of which comprises the 
apex of the heart, and a relative lack of trabeculae 
carneae (Fig. 2-5). The anterior mitral valve leaflet 
separates the LV inflow and outflow tracts. Blood that 
fills the LV through the left ventricular inflow tract 
(the left atrioventricular orifice delineated by leaflets 
of the mitral, or left atrioventricular, valve) is pumped 
out through the LV outflow tract, across the aortic 
valve cusps, and into the ascending aorta (Fig. 2-5D). 
Generally, there are two papillary muscles—one dorsal 
(caudally situated) and one ventral (more cranially 
situated)—originating near the LV apex. Chordae ten- 
dineae attach to atrioventricular valve leaflets and ar- 
borize as described for the right ventricle. One or 
more trabeculae septomarginalis (moderator bands) 
may be present, and in cats, a wide variation in num- 
bers and morphology may occur. 


INTERVENTRICULAR SEPTUM 


Separating the RV and LV, this septum is mostly 
composed of a thick, muscular part and a very small, 
thin, basal membranous region. In general the muscu- 
lar portion is of similar thickness to the LV free (cau- 
dal) wall. 


FIBROUS CARDIAC SKELETON 


At the cardiac base, a “skeleton” of fibrous tissue 
composed of collagen and some cartilage separates 
atrial and ventricular myocardium. The specialized 
conduction fibers in the atrioventricular bundle ex- 
tend through it from the atria to the ventricles.” This 
skeleton forms two fibrous rings. The atrioventricular 
fibrous rings surround each atrioventricular orifice; the 
others in the form of two scalloped rings surround the 


aortic (aortic fibrous ring) and pulmonary (pulmonary 
fibrous ring) orifices, respectively (Fig. 2-6). 


CARDIAC VALVES 


The four cardiac valves attach to their respective 
fibrous rings (see preceding paragraph) in a specific 
anatomic arrangement relative to each other (Fig. 2- 
6). During diastole, the aortic and pulmonic valves 
close first to prevent regurgitation back into the ventri- 
cles. Then, the atrioventricular valves open as blood 
travels from the atria to fill the ventricles. During 
ventricular systole, aortic and pulmonic valves are 
opened by ventricular ejection of blood into the great 
vessels, while the atrioventricular valves are closed, re- 
strained from billowing into the atria by the chordae 
tendineae. 


ATRIOVENTRICULAR VALVES 


These valves line the atrioventricular ostia of the 
right and left ventricular inflow tracts and prevent 
blood from regurgitating into the atria during ventric- 
ular systole. They are attached at their external perime- 
ter to collagenous atrioventricular fibrous rings sur- 
rounding each atrioventricular orifice, and at the 
ventricular surfaces of the valvulae by chordae tendi- 
neae (Figs. 2—5, 2-6). The tricuspid valve (right atrioven- 
tricular valve) consists of a dorsal septal cusp attaching 
to the ventricular septum and a ventral parietal cusp 
attaching to the right ventricular ventral (free) wall. 
Occasionally, small secondary cusps are present at the 
cusp extremities. The mitral valve (left atrioventricular 
valve) is similar but more robust than the tricuspid 
valve. Division into distinct cusps is less obvious than 
for the tricuspid valve, but septal and parietal divisions 
can be recognized. 


AORTIC AND PULMONARY VALVES 


Sometimes referred to as semilunar valves, the aortic 
and pulmonary valves are attached to their respective 
fibrous rings. Each semilunar valve consists of right, left 
and septal semilunar cusps, or valvulae composed of a 
fibrous tissue stroma covered by endothelium (Figs. 
2-5, 2-6). The aortic valve lies caudal to the pulmonary 
valve. The free margin of each valvulae consists of 
crescent-shaped lunulae, and at the center of each 
valvule is a nodule that functionally occludes the space 
formed by the three contiguous semilunar cusps when 
these valves are closed in diastole. The aortic wall is 
dilated just peripheral to each cusp to form three 
aortic sinuses (the right, left, and septal sinuses). This 
widening of the base of the ascending aorta is the 
aortic bulb. The right and left coronary arteries originate 
from these right and left coronary sinuses through 


ostia, which in the dog may be single or multiple.!° 
The pulmonary trunk valve lies cranial to the aortic 
valve and is morphologically similar, albeit less robustly 
developed and without a distinct bulb. 


CARDIAC BLOOD VESSELS 


CORONARY ARTERIES 


Coronary arteries supply blood to the myocardium. 
The left coronary artery exits from the left coronary 
sinus and branches (Figs. 2-3, 2-5A) into a cranial 
paraconal interventricular branch (formerly called left an- 
terior descending coronary artery, cranial descending 
coronary artery, or dorsal interventricular branch of 
the left coronary artery); it courses obliquely and cra- 
nially on the left face of the heart, then rightward 
across the sternocostal surface in the paraconal inter- 
ventricular groove." It gives off left ventricular, right 
ventricular, and interventricular branches. A circumflex 
branch of the left coronary artery winds dorsocaudally 
and to the right across the caudodorsal heart surface 
in the coronary groove and has ventricular and atrial 
branches." !3 At the subsinusal (dorsal) interventricu- 
lar groove, it courses toward the cardiac apex as the 
subsinusal interventricular branch (formerly called dorsal 
interventricular branch of left coronary artery or pos- 
terior descending coronary artery) (Figs. 2-4, 2-5C). 
The left marginal ventricular branch courses down the left 
border of the left ventricle parallel to the subsinusal 
interventricular branch. In the dog, the left circumflex 
coronary artery and its branches supply the caudal left 
ventricle and a portion of the caudal right ventricular 
free wall. The right coronary artery is smaller than the 
left, originates from the right aortic sinus, and may 
give off many smaller ventricular branches that arbo- 
rize in the RV wall (Fig. 2-5C). It curves cranioventrally 
and to the right in the coronary groove, covered dor- 
sally by the right auricle. Rarely it extends to the 
borders of the right ventricle and supplies two thirds 
of the blood to the right ventricular free wall.'* A small 
accessory right coronary artery was described in 20 percent 
of dogs. An atrial branch of the right coronary artery 
supplies the sinoatrial node in dogs.!® 1 


PULMONARY TRUNK 


The pulmonary trunk and its branches transport un- 
oxygenated (venous) blood to the lung. The trunk 
arises from the pulmonary fibrous ring at the conus 
arteriosus (Fig. 2-5D), where it is flanked by the left 
and right auricles, and then divides into the right and 
left pulmonary arteries. Just proximal to this bifurca- 
tion is the ligamentum arteriosum, representing the fetal 
ductus arteriosus. It extends from the aorta to the left 
pulmonary artery just as it branches from the main 
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pulmonary trunk. Along its medial surface the pulmo- 
nary trunk contacts the aorta, and both vessels 
obliquely cross each other, forming a slight spiral. At 
its distal fourth, it is attached to the fibrous pericar- 
dium. 


AORTA 


The aorta is the thickest vessel and transports blood 
ejected from the left ventricle to systemic arteries that 
arise directly from it (Figs. 2-1, 2-2, 2-5A,B). The 
ascending aorta originates from its fibrous ring, turns 
abruptly dorsocaudally and to the left as the aortic arch, 
then courses caudally to its distal trifurcation as the 
descending aorta. At the aortic arch, blood is shunted 
to the head, neck, and thoracic limbs through two 
main arteries. The brachiocephalic trunk is the first large 
artery from the aortic arch and passes obliquely 
rightward and cranially across the ventral trachea. It 
gives off the left common carotid artery, the first branch to 
leave the brachiocephalic trunk, then the right common 
carotid artery and the right subclavian artery. Uncom- 
monly, both common carotid arteries can arise from a 
common trunk off the brachiocephalic trunk.!® The 
left subclavian artery branches off the aorta just distal 
to the brachiocephalic trunk. 


CARDIAC VEINS 


The coronary sinus represents the large, dilated ter- 
minal end of the great coronary vein, and it returns 
most of the blood that is supplied to heart. It empties 
into the right atrium ventral to the caudal vena caval 
opening (Fig. 2-5C) and may contain a small semilunar 
valve. The great coronary vein originates in the cardiac 
apex, ascends toward the base in the paraconal inter- 
ventricular groove, follows the dorsal part of the coro- 
nary groove, and circles the diaphragmatic surface of 
the heart from the left. It collects a number of veins, 
including the dorsal left ventricular veins that ascend 
from the cardiac apex. The middle cardiac vein ascends 
the subsinuosal interventricular groove, collects veins 
from both ventricles, and empties into the coronary 
sinus. A number of other cardiac veins are variably 
present, and some ventral cardiac veins and small the- 
besian vessels open directly into the heart.!” 


LYMPH NODES AND VESSELS 


The lymphatic system is an adjunct to the venous 
system. Lymph fluid (“primary lymph”) escapes from 
capillaries and blood vessels into tissue spaces and is 
returned by afferent lymphatic channels to lymph 
nodes, which then act as filters and serve as lympho- 
cyte germinal centers. Efferent lymph vessels exit from 
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lymph nodes carrying filtered lymph enriched with 
lymphocytes (“secondary lymph”) and enter larger 
draining lymph vessels.' 

Lymphatic drainage of the chest has been classified 
into parietal (lymph nodes of the dorsal and ventral 
thoracic lymph centers) and visceral (nodes of medias- 
tinal and bronchial lymph centers) groupings.'! The 
ventral thoracic lymph center is represented by the 
cranial sternal lymph nodes. The dorsal thoracic 
lymph center consists of intercostal lymph nodes. The 
mediastinal lymph center comprises the cranial medi- 
astinal lymph nodes (usually associated with large pre- 
cardial vessels). Pulmonary lymph nodes, when pres- 
ent, lie in the dorsal surfaces of primary bronchi 
between right and left tracheobronchial nodes and 
the lung parenchyma. Right and left tracheobronchial 
lymph nodes are present lateral to their respective 
bronchus and, less commonly, on the trachea. The 
right node is ventral to the azygos vein while the left 
node has a similar relation to the beginning of the 
thoracic aorta. The middle tracheobronchial lymph 
node is the largest in the group and lies in the angle 
formed by the origin of the primary bronchi from the 
trachea and below the esophagus. It is V-shaped, its 
apex fitting into the angle formed by the tracheal 
bifurcation. 

The thoracic duct is the primary channel for lym- 
phatic return. It begins in the sublumbar region or 
between the diaphragmatic crura as a cranial continua- 
tion of the cisterna chyli and continues through the 
diaphragm as the thoracic duct. The location of its 
termination varies but it usually empties into an ante- 
rior venous site, '®™ 


CARDIAC CONDUCTION 
SYSTEM 


The heart has a specialized conducting system com- 
posed of the sinoatrial node, the atrioventricular node, 
and the atrioventricular bundle of His. In addition, 
pathways for internodal conduction have been de- 
scribed .?)-*3. #6 


SINOATRIAL (SA) NODE 


The SA node forms a wedge-shaped group of cells 
set into the junction of the cranial vena cava, right 
auricular orifice, and body of the right atrium in the 
region of the sulcus terminalis, a poorly defined exter- 
nal groove that lies opposite the internal right atrial 
structure, the crista terminalis (a thick ridge of muscle 
between the cranial vena cava and atrioventricular 
opening) (Fig. 2-4). It is of variable length, tapering 


toward the caudal vena cava. The SA node is composed 
of histologically discrete, specialized cells that are re- 
sponsible for initiating cardiac impulses. As with the 
atrioventricular node, the SA node has an abundant 
supply of adrenergic and cholinergic nerve fibers.” ?1 ?3 


ATRIOVENTRICULAR (AV) 
JUNCTIONAL AREA 


This term describes the area of specialized conduc- 
tion tissues that connects the atrial and ventricular 
myocardium. It can be subdivided into several ana- 
tomic zones, although the exact extent of these subdi- 
visions requires more complete clinicoanatomic stud- 
jes.?b 23-25 

The AV node originates as a mass of Purkinje cells 
in the lower interatrial septal wall in the right atrial 
endocardium, situated at the apex of the triangle of 
Koch. The triangle base is formed by the coronary 
sinus; the triangle apex is formed by the fibrous com- 
missure of the flap (the tendon of Todaro) protecting 
the openings of the caudal vena cava and the coronary 
sinus, and the attachment of the tricuspid valve septal 
leaflet. Thus, the AV node is just cranioventral to the 
coronary sinus opening and craniodorsal to the tricus- 
pid valve septal cusp.?! 246 

It courses forward, penetrating the fibrous cardiac 
base, and continues down into the ventricular myocar- 
dium. Here, the branching bundle is located on the 
crest of the muscular interventricular septum, immedi- 
ately subjacent to the interventricular component of 
the membranous septum. It divides into the right and 
left bundle branches. The left ventricular specialized con- 
duction tissues are immediately subendocardial on the 
ventricular septal surface in the left ventricular outflow 
tract; they cascade down the septum below the septal 
(caudal) semilunar aortic cusp in a fanlike fashion, 
into three broad divisions (anterior, posterior, and sep- 
tal). The fibers arborize, spread to the ventricular free 
wall, and ramify into the myocardial tissue. The right 
bundle branch dips down into the ventricular septum 
subendocardially and continues as a thin, cordlike 
structure intramyocardially, ramifying distally.” 


CARDIAC NERVES 


Cardiovascular physiologic responses to pharmaco- 
logic and physiologic perturbations are related to se- 
lective distribution of autonomic fibers.*~** These 
actions are associated with parasympathetic and sympa- 
thetic nerves. 

Parasympathetic nerves supplying the cardiovascular 


system originate from cranial and sacral locations. Cho- 
linergic outflow arises from vagal nuclei in the medulla 
oblongata, which decreases the rate of SA nodal dis- 
charge and slows AV nodal conduction. Preganglionic 
fibers pass to the heart in the cardiac branches of the 
vagal nerves and synapse in the heart with ganglionic 
neurons. Postganglionic neurons are also distributed 
to the atria and, to a much lesser degree, to ventricular 
myocardium (the ventricular conducting system is well 
supplied by cholinergic innervation). Cholinergic fi- 
bers to resistance vessels of the heart and lungs origi- 
nate in the cranial parasympathetic fibers descending 
from the vagal nucleus. 

Although overlap exists, some degree of sidedness is 
present in parasympathetic cardiac input.?° Moreover, 
selective innervation exists to the SA and AV nodes 
from intracardiac ganglia.” Parasympathetic inner- 
vation to the sinus node is primarily supplied from 
fibers coming from the ganglia situated in the pulmo- 
nary vein fat pad. This fat pad is located between the 
cranial and caudal vena cava and adjacent to the right 
pulmonary veins. The SA nodal artery is apically posi- 
tioned to this fat pad.?” Primary parasympathetic in- 
nervation of the AV node is from the ganglia in an- 


other fat pad that overlies the entry of the coronary | 


sinus into the caudal interatrial septum at the junction 
of the caudal vena cava and caudal left atrium.?” * 
Within both of these fat pads the ganglia are immersed 
in fatty tissue and close to the epicardial surface.** * 
In addition to parasympathetic fibers within these fat 
pads, nonadrenergic noncholinergic fibers have also 
been identified in the dog.*® The right vagal nerve 
(Fig. 2-5) affects the sinus node more than the AV 
node, and the left vagal nerve affects the AV node 
more than the sinus node.?° The ventricles do have 
parasympathetic innervation with fibers traveling intra- 
murally or subendocardially, which then rise to the 
epicardium at the AV groove.” 

Sympathetic nerves to the heart and vessels originate 
in the lateral reticular formation in the vasomotor 
center. Postganglionic sympathetic nerves impinge on 
the SA and AV nodes and innervate atrial and ventricu- 
lar myocardium. Activation increases heart rate and 
contractility. Resistance blood vessels, splanchnic blood 
vessels, and cutaneous veins are especially densely in- 
nervated and when stimulated, effect strong vasocon- 
striction. 

Cardiac sympathetic innervation is regional and 
based on input from extrinsic and intrinsic cardiac 
neurons.” Efferent sympathetic impulses reach the ca- 
nine ventricle from the ansae subclaviae via branches 
of cervicothoracic ganglia (previously called the stellate 
ganglia) and middle cervical ganglia. Several sympathetic 
nerves from these ganglia then innervate relatively 
localized regions of the heart, with the recurrent cardiac 
nerve supplying the right ventricle and the ventrolateral 
cardiac nerve supplying the left ventricle. Sympathetic 
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nerves innervating the intraventricular regions primar- 
ily follow the coronary arteries. Moreover, sympathetic 
afferent and efferent nerves travel within the first milli- 
meter of the subepicardium, except in the right ven- 
tricular outflow tract where the fibers are subendocar- 
dial.*” 
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Normal 
Cardiovascular 
Physiology 


ROBERT L. HAMLIN 


OVERVIEW OF THE CARDIOVASCULAR 
SYSTEM 


The cardiovascular system circulates blood in order to supply oxygen and 
remove carbon dioxide from metabolizing tissues'* (Fig. 3-1). The heart is 
actually composed of two pumps called the right and the left ventricles. The 
right ventricle pumps blood through the lungs and sucks blood from the 
systemic veins. The left ventricle pumps blood through the systemic circula- 
tion and sucks blood from the lungs. Valves within the veins and the heart 
keep blood flowing in one direction. The mitral and tricuspid valves prevent 
regurgitation from the ventricles into the atria, and the aortic and pulmonic 
valves prevent regurgitation from great arteries into the ventricles. Venous 
valves keep blood moving from capillaries toward the heart. 

Most of the blood volume resides in systemic veins, whereas most of the 
interference to blood flow resides in systemic arterioles. Very little blood 
resides in the lungs or systemic capillaries. The capacity of the veins to store 
blood, and the interference to blood flow through arterioles, are determined 
by the degree of contraction or relaxation of the vascular smooth muscle 
surrounding the vessels. When vascular smooth muscle is constricted, venous 
capacity decreases and arteriolar resistance increases. 

The blood volume and blood pressure in the pulmonary circulation, 
especially within the pulmonary capillaries and veins, depend upon the 
volume of blood within the systemic veins. If the blood volume is constant, 
then more blood resides within the systemic veins and less blood is available 
to reside within the pulmonary vessels. Venous and capillary blood pressures 
are correspondingly reduced. In contrast, the less blood within the systemic 
veins, the more blood resides within the lungs, and the greater are the 
pulmonary vascular pressures. 


BLOOD VOLUME AND CIRCULATION OF 
BLOOD 


The heart, blood vessels and lungs interact to exchange gases (oxygen 
and carbon dioxide) between the atmosphere and tissues. Distribution of 
blood to the systemic vascular beds depends on a number of factors, includ- 
ing blood volume, venous return, and cardiac filling.’ 
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MICROCIRCULATION 


The normal capillary microcirculation’ is illustrated 
in Figure 3-2. At the capillary-alveolar level, serum 
moves across the capillary-alveolar membrane into the 
interstitium and back into the vascular system via 
lymph channels (chapter 13; see Figure 13-1). A hy- 
drostatic force of 12 mmHg pushes serum through the 
alveolar-capillary membrane from capillary to intersti- 
tium. This results from (1) a positive pressure of 7 
mmHg in the pulmonary capillary due to the right 
ventricle pumping blood into that capillary; (2) effects 
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FIGURE 3-1 


Diagram of the cardiovascular system. Vascular smooth muscle 
“wraps” around the systemic veins, aorta, and arterioles. The 
relative degree of vascular smooth muscle tone helps determine 
the volume of systemic venous blood, the effort required by the 
left ventricle to eject blood into the aorta, and the resistance to 
blood flow through systemic arterioles. If blood volume is constant, 
then the greater the systemic venous volume, the lesser the volume 
of blood—and pressure—within the pulmonary vessels. The 
volume and pressure of blood within the pulmonary capillaries and 
veins determine to what volume (i.e., the preload) the left 
ventricle fills. LA, left atrium; RA, right atrium; LV, left ventricle; 
RV, right ventricle. 
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FIGURE 3-2 


Schematic diagram of the alveolar-capillary membrane, with the 
capillary (CAPILLARY) situated above the membrane and the 
interstitial space (INTERSTITIUM) below. The right ventricle (RV) 
pumps blood through this capillary and generates a hydrostatic 
pressure of +7 mmHg. The osmotic plasma pressure (attributed to 
proteins) creates a force of ~ 28 mmHg. Representative interstitial 
hydrostatic and osmotic (oncotic) forces are thus —5 and —17, 
respectively. By summing all the forces that either push serum out 
(12 mmHg) or pull serum in (11 mmHg) across the capillary 
pores, a net force of 1 mmHg is driving serum out of the capillary 
and into the interstitium. Once the serum reaches the interstitium, 
however, it is drained by the lymphatics back into the vascular 
system. Although no excess fluid builds up within the interstitium, 
the interstitium is continually bathed with serum. 


of the left ventricle sucking blood out of the capillary; 
and (3) a force of —5 mmHg within the interstitium 
associated with the elastic lung recoil and tendency of 
the thoracic wall to expand. 

Also, osmotic forces (actually oncotic forces because 
they are due to protein molecules) tend to retain fluid 
in both the capillary and the interstitium. Because 
proteins are in greater concentration in the capillary, 
the osmotic pressure is —28 mmHg; and, because 
there is less protein in the interstitial fluid, the osmotic 
force is only a — 17 mmHg. Thus, a net osmotic force 
of 11 mmHg tends to force fluid from the interstitium 
to the capillary. 

The total net effect resulting from 12 mmHg hydro- 
static force driving fluid from capillary to interstitium, 
and —11 mmHg osmotic force tending to push fluid 
from interstitium to capillary, is approximately 1 
mmHg. This drives fluid from the capillary to the 
interstitium, causing loss of serum to the pulmonary 
interstitium at a rate approximating 1000 ml per day. 

Pulmonary lymphatics remove this fluid and return 
it to the vascular system. Therefore, there is neither 
gain nor loss of vascular volume. Figure 11-3 demon- 
strates what happens to the microcirculation when pul- 
monary capillary hydrostatic pressure becomes ele- 
vated owing to inadequate pulmonary circulation 
emptying in left-sided heart failure. 


PRELOAD 


The volume of blood within the pulmonary veins 
and capillaries is an important factor in the return of 


blood to the left ventricle (LV).°° This quantity of 
blood returning to the LV is termed the preload. It 
ultimately determines the resting length of sarcomeres 
and, thus, ventricular end-diastolic wall stress. There- 
fore, the state of systemic venous dilatation or constric- 
tion determines the left ventricular preload. All else 
being constant, if the systemic veins are dilated, left 
ventricular preload is reduced; if systemic veins are 
constricted, left ventricular preload is increased. A ven- 
odilator is a drug that relaxes the smooth muscle of 
systemic veins. Venodilators will therefore reduce left 
ventricular preload and are termed “preload reduc- 
ers” (chapter 12). 

There is an inverse relationship between the volume 
of blood within the systemic veins and the preload. 
The ventricular end-diastolic volume (preload) and 
thus, end-diastolic pressure, depends upon the ratio of 
blood volume to the capacity of veins to store it (the 
end-diastolic pressure also depends upon the force 
with which the atrium “kicks” blood into the ventricle 
during atrial contraction). The smaller the venous 
compartment, the more blood returns to the ventricles 
and the larger the preload. 

The size of the venous compartment depends upon 
whether the smooth muscle in the walls of those veins 
is stimulated or is relaxed. If the systemic venous blood 
volume is great (i.e., blood “pools” in the systemic 
veins), then the volume of blood returning to the 
thorax and to the left ventricle is relatively small. If 
the volume returning to the ventricle is small, then 
ventricular preload is correspondingly small. A drug 
such as nitroglycerine that dilates veins (i.e., a venodila- 
tor) acts as a preload reducer; drugs that constrict 
systemic veins enhance preload. 


AFTERLOAD 


The degree of systemic arterial and arteriolar vascu- 
lar smooth muscle constriction or dilatation is an im- 
portant factor determining the afterload.®* Afterload 
may be described as the tension, force, or stress acting 
on ventricular wall myocytes after onset of shortening. 
It indicates the degree of interference to blood flow 
from the LV to and through the systemic arterial tree, 
to the capillaries and through the veins. In general, if 
the vascular smooth muscle is relaxed (i.e., the arteries 
become less stiff and the arterioles dilate), the 
afterload will be reduced. In contrast, if the vascular 
smooth muscle is contracted (i.e., the arteries are stif- 
fer and the arterioles are constricted), the afterload 
(and, thus, impedance to left ventricular emptying) 
will be increased. 

A more complete discussion of preload and after- 
load follows (see dependency on preload, and depen- 
dency on interference of blood flow from ventricle to 
capillaries). 
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PRINCIPLES OF NORMAL 
CARDIOVASCULAR FUNCTION 


To discuss the pathophysiology of heart failure 
(chapter 11), certain basic principles of normal cardio- 
vascular function must be understood.’ These include 
(1) heart rate, (2) force of ventricular contraction, (3) 
interference to blood flow, (4) myocardial stiffness or 
its reciprocal (i.e., compliance), (5) myocardial oxygen 
consumption (MVO,), (6) microcirculation and trans- 
capillary fluid movement into and out of the intersti- 
tial compartment, and (7) the cardiac cycle. 


HEART RATE 


Heart rate (HR) is determined by the rate of sponta- 
neous sinoatrial (SA) nodal discharge. This in turn 
depends on existing autonomic efferent traffic to that 
structure (Fig. 3-3). Thus, SA discharge fluctuates ac- 
cording to the prevailing balance between parasympa- 
thetic nervous impulses (which slow SA nodal dis- 
charge) and sympathetic efferent impulses (which 
speed SA nodal discharge). In the normal dog, the SA 
node discharges approximately 100 times per minute, 
but this will vary between approximately 45 beats/min 
at rest to 259 beats/min during peak exercise. 


PARASYMPATHETIC STIMULATION AND 
BLOCKADE 


When vagal centers in the medulla oblongata are 
stimulated, acetylcholine (ACh) binds to its SA nodal 
receptor sites, decreasing the rate of SA nodal dis- 
charge. These receptor sites will be blocked from ACh 
by administration of a parasympatholytic drug such as 
atropine. Thus, while vagal stimulation decreases heart 
rate, vagal blockade by atropine increases it (usually to 
approximately 150 beats/min in dogs). 


SYMPATHETIC STIMULATION AND BLOCKADE 


When sympathetic centers in the medulla are stimu- 
lated, norepinephrine binds to its B,-receptor site on 
the SA node, which increases the rate of SA nodal 
discharge. Certain adrenergic-blocking drugs such as 
atenolol, pindolol, and metoprolol are relatively car- 
dioselective and block the 8,-receptor site. Other adre- 
nergic-blocking agents, including propranolol, timolol, 
and esmolol, are nonselective and block both B,- and 
B.-adrenergic receptors. Thus, while B-adrenergic stim- 
ulation may speed the HR from a resting value of 60 
to a stimulated level of 250 beats/min, B-adrenergic 
blockade may decrease the HR to 150 beats/min. Or 
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FIGURE 3-3 


Efferent impulses arising from the medulla oblongata (M) and 
modulated by the hypothalamus (H) travel to the heart over the 
vagal (parasympathetic) and augmentor (sympathetic) nerves. 
Parasympathetic traffic slows the SA nodal discharge, slows AV 
nodal conduction, and decreases myocardial contractility. 
Sympathetic traffic causes opposite responses. Synapses for 
sympathetic traffic occur in the paravertebral ganglia. Its 
neurotransmitter is acetylcholine (ACh), which is blocked by 
ganglionic blocking agents such as pentolinium. The 
postganglionic mediator for sympathetic efferent traffic is 
norepinephrine (NE). This may be blocked by B,-adrenergic 
blocking agents such as propranolol (a mixed B-blocker) or 
atenolol (a B,-selective adrenergic blocker). The neurotransmitter 
for parasympathetic efferent traffic is acetylcholine, which may be 
blocked by atropine. SAN, sinoatrial node. 


if the pet becomes slightly excited, HR may not in- 
crease as much with B-adrenergic blockade. 


MEAN SYSTEMIC ARTERIAL BLOOD PRESSURE 
(MAP) 


MAP is an important modifier of heart rate (Fig. 
3-4). Both HR and MAP are related by a reflex that 
depends on pressure sensors within the aortic arch 
and carotid sinuses, which detect the level of blood 
pressure. These sensors send afferent volleys over the 
vagus and glossopharyngeal nerves to the brain. The 
brain then sends efferent volleys, predominantly over 
the vagus nerve, either to increase or slow the HR 
(Fig. 3-5). In general, when systemic arterial pressure 
is elevated, HR slows. Alternatively, when that pressure 
is reduced, HR increases. 

This protective reflex tends to adjust blood pressure 
toward normal by changing HR, and thus, cardiac 
output, since cardiac output equals the product of HR 
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Illustration of the relationship between heart rate (HR) and arterial 
blood pressure (Pa). Heart rate for most mammals varies between 
45 and 240 beats/min, and mean systemic arterial blood pressure 
varies between 60 and 200 mmHg. During maximal exertion, heart 
rate is approximately 240 and mean systemic arterial pressure is 
approximately 150 mmHg. Under nonexercising conditions, heart 
rate slows as blood pressure elevates. This is known as the Marey 
reflex, mediated predominantly via the parasympathetic nervous 
system. 


multiplied by stroke volume. The basic relationship 
between arterial blood pressure (ABP), cardiac output 
(CO), and total peripheral resistance (TPR) is APB = 
CO xX TPR (chapter 35). 


FORCE OF VENTRICULAR 
CONTRACTION 


The force generated by the contracting myocardium 
depends on (1) the inotropic state (myocardial con- 
tractility, Vm); (2) the volume of blood within the ventri- 
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FIGURE 3-5 


Tension (pressure) receptors at the aortic arch and carotid artery 
bifurcation send afferent impulses along the vagus and 
glossopharyngeal nerves to the medulla oblongata (M). The 
intensity of these impulses is directly related to the pressure within 
the arterial tree. Input from the hypothalamus (H) modulates the 
afferent impulses from the baroreceptors. 


cle just before it contracts (end-diastolic volume, EDV, 
also known as preload, PL); and (3) the interference 
to ejection of blood from the ventricle into the aorta, 
which is associated with afterload (AL) (discussed 
later) .® 


DEPENDENCY ON MYOCARDIAL 
CONTRACTILITY 


The fundamental microscopic unit of cardiac muscle 
is the sarcomere (Fig. 3-6), millions of which are ar- 
ranged both in series and in parallel to comprise the 
myocardium. However, true contraction results from 
cycling of heavy meromyosin heads (cross-bridges). 
These extend from the stationary myosin molecule to 
sites on the thin actin filaments that extend from the 
Z bands. When the heavy meromyosin heads cycle, 
they pull the opposing untethered ends of the actin 
filaments toward one another, which pull the Z bands 
on either side of the sarcomere.”* '° 
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FIGURE 3-6 


Diagram of the left ventricle with a single sarcomere (top) which is 
magnified (bottom) to illustrate its components. Millions of these 
sarcomeres comprise the myocardium and are responsible for 
contraction. See text for details. 
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EXCITATION-CONTRACTION COUPLING 


Cycling of the heavy meromyosin heads? is initiated 
by the following sequence: (1) the myocardial cell is 
stimulated by any perturbation that increases conduc- 
tance to Na* ions; (2) Na* ions rush from the outside 
to the inside of the cell, changing (depolarizing) the 
inside from a minus to a positive electrical charge; 
(3) depolarization increases conductance of the cell 
membrane to Ca*+, which enters the cell from the 
outside; Ca** is also released from the sarcoplasmic 
reticulum where it has been concentrated; (4) Ca++ 
binds to troponin-c, which is attached to tropomyosin, 
and pulls the tropomyosin molecule from a position 
between actin and myosin that prevents the cross- 
bridges from cycling; (5) cross-bridges cycle, and the 
sarcomere either shortens or—if shortening is pre- 
vented—generates tension; (6) cycling is terminated 
when Ca** is driven both back into the sarcoplasmic 
reticulum and outside of the cell, thus permitting the 
tropomyosin molecule to again inhibit the cross- 
bridges. 

Energy required for cycling and for driving Cat+ 
against a concentration gradient into the sarcoplasmic 
reticulum comes from the hydrolysis of adenosine tri- 
phosphate (ATP) by ATPase, resulting in energy plus 
adenosine diphosphate (ADP) and inorganic phospho- 
rus. 

Once cycling of cross-bridges begins, the Z bands on 
opposite ends of each sarcomere are pulled toward 
one another. If motion is prohibited, the sarcomere 
will generate only tension. The maximal velocity with 
which each heavy meromyosin head cycles is termed 
myocardial contractility, or the inotropic state, and is repre- 
sented by the symbol v,,. The inotropic state depends 
upon the rate of energy liberation when ATP is hy- 
drolyzed by ATPase to ADP, releasing energy and inor- 
ganic phosphorus. The inotropic state is increased 
when norepinephrine, epinephrine, or sympathomi- 
metic amines (e.g., isoproterenol, dopamine, dobu- 
tamine) bind to myocyte B,-adrenergic receptors. 
Norepinephrine originates from sympathetic nerve 
endings, but epinephrine released from the adrenal 
medulla, which circulates to the receptors, has an iden- 
tical inotropic effect. In contrast, the inotropic state is 
decreased by removing norepinephrine from the Bı- 
receptor or binding ACh to cholinergic receptors. 
Myocardial relaxation is more sensitive to ATP deple- 
tion than is the process of myocardial contraction. 
Thus, O; debt resulting in ATP depletion causes nega- 
tive lusitrope earlier, and to a greater degree, than it 
causes negative inotrope. 


DEPENDENCY ON PRELOAD 
FRANK-STARLING LAW OF THE HEART 


If all other factors are equal, the greater the volume 
of blood in the ventricle just before it contracts (i.e., 
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the greater the preload), the more vigorous is the 
force of contraction.*® This Frank-Starling law of the 
heart occurs because more cross-bridges are cycling, 
and there is a greater availability of Ca** to initiate 
this cycling. This relationship is illustrated by the clas- 
sic Frank-Starling curve (Fig. 3-7; see also Fig. 11-1 C), 
in which a parameter of systolic (contractile) function 
(€.g., pressure-generated, stroke volume, or cardiac 
output) is plotted on the y-axis, versus preload (e.g., 
end-diastolic volume) plotted on the x-axis. Actually, x- 
axis units could be represented as numbers of cross- 
bridges cycling, or Ca** available for cycle initiation; 
both relate to end-diastolic volume, end-diastolic fiber 
length, or ratio of the force distending the ventricle to 
the stiffness of the ventricle (chapter 11). 
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Drawing contrasting the relationship between preload and force of 
contraction. The Y axis (ordinate) plots the force (F) of 
contraction; the X axis (abscissa) depicts the volume of blood 
within the ventricle (i.e., preload /PL] or end-diastolic volume 
[EDV]) just before the ventricle contracts. The thick-walled circles 
below the abscissa depict the relative volume of blood within the 
ventricle as end-diastolic volume increases. Below each circle is the 
percent of total possible heavy meromyosin heads that can cycle at 
each corresponding ventricular volume. At the bottom are two 
sarcomeres. Left sarcomere shows that only one heavy meromyosin 
head per actin filament can cycle; right sarcomere shows that two 
heavy meromyosin heads can cycle. Thus, the sarcomere to the 
right generates more force but does not cycle more rapidly. The 
bottom curve represents the heart failure patient. Notice that at a 
given preload, the failing heart generates substantially less force of 
contraction compared with the normal heart. In heart failure, 
compensatory mechanisms increase preload in an effort to 
maintain force of contraction. This drives the Starling curve to the 
right and may ultimately result in pulmonary congestion. 
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FIGURE 3-8 


Schematic showing the relationship between ventricular błood 
volume at the end of diastole (EDV), pleural pressures (Px), and 
myocardial stiffness (En). Ventricular blood volume just before 
contraction is determined by the pressure within the ventricle (i.e., 
end-diastolic pressure, or EDP) minus the pressure outside the 
ventricle (i.e., pleural pressure, or P), all divided by the 
myocardial stiffness. The EDP is determined by blood volume and 
force of atrial contraction (i.e., atrial kick); pleural pressure is 
determined by lung function; myocardial stiffness is determined by 
disease, drugs, O, debt, fibrosis, and other factors. 


MYOCARDIAL STIFFNESS 


The myocardium may become stiff in a number of 
ways.” ° If the intramyocardial vessels become full of 
blood, they may become rigid. Thus, elevation of right 
atrial pressure will cause the coronary circulation to 
become engorged, and both ventricles may appear 
stiff. Myocardium will also appear stiff if it contains or 
is surrounded by excessive fibrous connective tissue, 
since this tissue is normally stiffer than myocardium. 

The ventricular stiffness (the reciprocal of which is 
compliance, or ventricular lusitrope) depends upon a 
number of factors. Most important is the rate and 
completeness with which Ca** ions are driven off 
of troponin-c and are either resequestered into the 
sarcoplasmic reticulum or transported out of the myo- 
cyte. This activity is energy dependent and, thus, may 
become impaired if ATP hydrolysis and related energy 
release are reduced, as occurs with hypoxia. 

The ventricular distending force (Fig. 3-8) is repre- 
sented by the difference in ventricular pressure (end- 
diastolic pressure, EDP) minus the pressure outside 
the ventricle (intrapleural pressure, Ppl). Compliance 
also depends upon ventricular volume (preload). The 
larger the ventricular volume, the stiffer (i.e., the less 
compliant) the ventricle, and the greater the transmu- 
ral pressure required to stretch the ventricle further. 

Compliance is measured during diastole in a num- 
ber of ways (Fig. 3-9): (1) as the ratio of end-diastolic 
ventricular volume to end-diastolic ventricular pres- 
sure; (2) as the maximal rate of fall of intraventricular 
pressure (dP/dt,in), which usually occurs during the 
isovolumetric relaxation period; (3) as Tau (T)—the 
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Methods of expressing myocardial or ventricular compliance (C). 

(A) Divide end-diastolic volume (EDV) by end-diastolic pressure (EDP). Volume can be estimated 
by echocardiography, scintigraphy, or angiocardiography. Pressure can be measured by a high- 
frequency micromanometer inserted into the left ventricle via aortic or mitral orifices. Actually, this 
value occurs after the ventricle is completely filled. It is sensitive to both the rate and completeness 
of resequestration of Ca** ions from troponin-c to sarcoplasmic reticulum and to the physical 
properties of the ventricular wall. 

(B) Compare recorded left ventricular pressure (LVP) and its time-derivative (dP/dt, or change in 
pressure per change in time), using a high-fidelity micromanometer inserted into the left ventricle. 
Calculate the dP/dt by on-line analogue computer. The minimal point of dP/dt can be used to 
estimate compliance. Actually, this value always occurs before the ventricle begins to fill; therefore, it 
is most sensitive to the rate and completeness of sequestration of Ca** ions from troponin-c to 
sarcoplasmic reticulum and may be relatively insensitive to filling of the ventricle. LAP, left atrial 
pressure. 

(C) Tau (1/compliance) is the time required for ventricular pressure to fall 63% of the value 
(line 1 to line 3) from the pressure at which the mitral valve opens (X, line 1), to the lowest 
pressure it achieves in diastole (Y, line 2). This calculation, or a logarithmic function of this, is the 
most accurate method of expressing compliance. 

(D) The slope of the relationship between change in ventricular volume (AV) and change in 
ventricular pressure (AP) which occurs during diastole estimates compliance C at many instants 
during diastole. The pressure-volume loop is obtained by plotting ventricular pressure (ordinate) 
against ventricular volume (abscissa). Points for this loop are A = end-diastole; B = the instant the 
aortic valve opens; C = end-systole; D = the instant the mitral valve opens. AP is the pressure 
gradient required to fill the ventricle for the stroke volume; AV is the stroke volume. Because the 
slope of the line D-A is not constant, the “best” line is usually drawn. 
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duration in milliseconds required for intraventricular 
pressure to fall approximately 63 percent of its value 
from the instant the mitral valve opens, to when the 
most negative intraventricular pressure exists; and (4) 
as the slope of the curve when ventricular volume is 
plotted against ventricular pressure during ventricular 
filling. 

Clinical examples of increased or apparent in- 
creased stiffness leading to reduced ventricular filling 
include feline hypertrophic cardiomyopathy, ventricu- 
lar dilatation for any reason, myocardial fibrosis, peri- 
cardial tamponade, myocardial ischemia, and elevated 
intrapleural pressure. 


VENTRICULAR INTERDEPENDENCE 


Because both ventricles occupy space within the con- 
fines of the rather rigid pericardial sac, enlargement 
of one ventricle impinges upon the filling of the other 
ventricle and makes it appear stiff. This ventricular 
interdependence is important in understanding how, 
when one chamber becomes diseased (e.g., the left 
ventricle with mitral regurgitation resulting in left 
heart volume overload), the other ventricle may mani- 
fest altered diastolic function. In contrast, if a ventricle 
fills less completely than normal, then its force of 
contraction will fall according to the Frank-Starling 
relationship. 


DEPENDENCY ON INTERFERENCE TO 
BLOOD FLOW FROM VENTRICLE TO 
CAPILLARIES 


The interference to blood flow® ° from the ventri- 
cles to either aorta or pulmonary trunk is termed the 
afterload (AL). It must be appreciated that the left 
ventricle does not pump blood through the arterioles 
but only into the proximal portion of the aorta (Fig. 
3-10). Then, while the ventricle is relaxed, the aorta, 
which has become distended by the left ventricular 
stroke volume, recoils and pumps the blood through 
the arterioles and capillaries to the veins. Thus, energy 
from the contracting ventricle and the blood it ejects 
is stored within the elastic elements of the aorta, to be 
dissipated by ejecting blood through the arterioles. At 
a given level of contractility, myocardial fiber shorten- 
ing varies directly with PL and inversely with AL. 

The AL depends upon the degree of contraction or 
relaxation of the vascular smooth muscle within the 
systemic arterial tree. When the smooth muscle is con- 
tracted, the arterial tree is stiff, and the ventricle per- 
ceives increased interference to ejection. 


Factors Determining Vascular Smooth 
Muscle Constriction 


Afterload”® is measured in units of peak ventricular 
wall tension. Laplace’s law approximates ventricular wall 
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FIGURE 3-10 


Diagram illustrating factors relating to systemic vascular resistance 
(sur) and impedance. The left ventricle (LV) pumps blood into the 
initial portion of the aorta. The aorta expands to accommodate 
the blood but also impedes the flow of blood from the ventricle. 
Further resistance to blood flow occurs distally at the arterioles 
(stippled). Then, while the ventricle rests, the distended aorta 
recoils and propels the blood through the arterioles. The stiffness 
of the initial portion of the aorta generates impedance, and the 
aperture of the arterioles generates systemic vascular resistance. 
Both impedance and resistance are increased by a, stimulation and 
PGF;; they are decreased by a2, B2, or vagal (V) stimulation, or by 
prostacyclin (PG). 


tension. Since the ventricle may be considered as a 
thick-walled sphere, tension (T) can be estimated by 
Laplace’s formula: 


T = P X r/WT, 


where P is pressure within the ventricle; r is the radius 
of the chamber lumen; and WT is the LV free-wall 
thickness. Clinically, afterload is often expressed as 
preload (PL) or end-diastolic volume (EDV), since PL 
or EDV is related to radius (PL = 4/3 pi rë) and is 
multiplied by ventricular pressure (P) divided by LV 
free-wall thickness (WT). Thus, 


Afterload = PL x P/WT. 


The maximal value occurs at the instant the aortic 
valve opens; when the ventricle is at its largest end- 
diastolic volume; when the wall thickness is the least 
end-diastolic wall thickness; and when the ventricular 
pressure is great, although not maximal. That is, pres- 
sure still increases from the time the aortic valve opens 
until peak systole occurs. However, after the valve 
opens and the ventricle ejects, ventricular volume be- 
comes smaller and the free-wall becomes thicker. Con- 
sequently, even though P increases, the ratio of PL x 
P/WT—and, thus, afterload—decreases. 

Interference to blood flow from left ventricle to 
systemic capillaries is an important factor in afterload. 
It arises from two sources: (1) impedance (Z), and (2) 
systemic vascular resistance (svr). 


Impedance is the sum of external factors opposing LV 
ejection and is closely related to afterload. It represents 
the ratio of aortic pressure to flow and is determined 
by physical properties of the vascular wall and blood 
(e.g., blood density and viscosity; aortic diameter and 
aortic wall viscoelasticity; reflected flow; and pressures 
generated in the distal arterial system). Impedance is 
estimated by dividing the pulsatile pressure in the 
aorta by the pulsatile flow. 

Systemic vascular resistance is that interference im- 
posed by having to force blood through the systemic 
arterioles. At rest, impedance contributes 15 percent 
of the interference to flow, while systemic vascular 
resistance contributes 85 percent. During maximal ex- 
ertion, impedance may increase to 30 percent and svr 
decrease to 70 percent of the interference. Systemic 
vascular resistance is estimated by dividing the pressure 
difference between the aorta and right atrium by the 
cardiac output. 

Blood viscosity? * also influences svr, since for any 
given arteriolar aperture, the more viscous the blood, 
the greater the pressure gradient required to drive 
blood across the aperture. Most of the blood viscosity 
depends upon the packed cell volume and is less de- 
pendent upon either the serum protein concentration 
or the erythrocyte foldability (erythrocytes, with a di- 
ameter of 8 uM, must fold to traverse a capillary with 
a diameter of only 5 uM). 

Vascular wall tone is maintained by smooth muscle. 
The contractile state of smooth muscle cells responds 
to many vasoactive agents. These agents alter both 
impedance and systemic vascular resistance, as well as 
venous capacity. The net effect depends upon the drug 
and dose, the relative intensity of autonomic nervous 
stimulation, and the specific vascular bed affected (Ta- 
ble 3-1). 


MYOCARDIAL OXYGEN CONTENT 


The amount of oxygen present within the myocar- 
dium at any one time results from a balance between 


TABLE 3-1 
Responses of Vascular Smooth Muscle to 
Various Stimuli 


Vasodilate/ 
Vasodilate Vasoconstrict Vasoconstrict 
B.-Adrenergic a,-Adrenergic a,-Adrenergic 
stimulation stimulation stimulation 
Vagal stimulation Dopamine Serotonin 
Bradykinin Prostaglandin Angiotensin II 
Adenosine Endothelin 
Atrial natriuretic Vasopressin/ADH 
peptide 
Histamine 
Nitric oxide (EDRF) 
Acetylcholine 


EDRF, endothelin-derived relaxing factor; ADH, antidiuretic hormone. 
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The amount of oxygen (O,) present in the myocardium depends 
upon the balance between oxygen delivery and oxygen 
consumption (MVO,). Oxygen is delivered if the lung functions 
well, if the blood contains adequate amounts of normal 
hemoglobin (Hb), and if the coronary blood flow (Q,,,) is sufficient. 
Oxygen consumption depends mainly on three factors: heart rate 
(HR), myocardial contractility (Vm), and peak myocardial tension 
(T) generated during contraction. The former two factors are 
determined by a balance between B-adrenergic (8,) activity, which 
increases O demand, and vagal (V) activity, which decreases O; 
demand. Peak tension (T) is determined by end-diastolic volume 
(EDV) and diastolic systemic arterial blood pressure (Pa). Peak 
tension is inversely related to the wall thickness (WT) of the 
chamber. 


cardiac O, delivery minus cardiac O, extraction (Fig. 
3-11).'° The amount of O, extracted is termed myocar- 
dial oxygen consumption (MVO.). Oxygen delivered to 
the heart depends on pulmonary function (an exam- 
ple of the interdependence between the heart and the 
lungs), the amount and quality of hemoglobin that 
carries Oz, and the coronary blood flow, which is de- 
pendent on forces driving blood through that circula- 
tion. 


CORONARY BLOOD FLOW 


Because of the importance of coronary blood flow, 
its major determinants must be summarized.’” '' As 
with any tube, the volume of blood flowing through 
the coronary circulation is a function of the pressure 
gradient between the two ends (i.e., the aortic pressure 
minus the right atrial pressure) (Fig. 3-12). However, 
because the coronary circulation flows through collaps- 
ible tubes that traverse the myocardium, ventricular 
contraction causes their compression and actually 
interferes with coronary blood flow. Thus, during 
ventricular systole, intramyocardial tension is great 
enough to terminate coronary blood flow, even though 
the pressure gradient between aorta and right atrium 
is still maintained. This is applicable principally to the 
left ventricular myocardium, which has greatly elevated 
intramyocardial pressure. During diastole, when the 
aortic valve is closed, aortic diastolic pressure is trans- 
mitted without impediment through the sinuses of 
Valsalva to the coronary ostia. Intramyocardial tension 
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FIGURE 3-12 


Drawing illustrating the factors effecting coronary blood flow. 
Coronary blood flow (Q) equals the driving force, that is, aortic 
pressure (Pa), minus right atrial pressure (PRA), divided by the 
resistance to flow by the coronary arterioles (Ra) plus compression 
of the coronary vessels by the contracting wall (Rc). Coronary 
arteriolar resistance (Ra) is increased by a-adrenergic traffic (a); 
B.-adrenergic efferent traffic (B2) decreases that resistance. Note 
that the compressive forces on the coronary vessel become greater 
near the endocardium (larger arrows) than near the epicardium 
(smaller arrows). This is because intramyocardial tension is greater 
in the deeper regions of the ventricular wall than at the more 
superficial regions. Also, when heart rate becomes more rapid, 
average ventricular pressure is greater than when heart rate is 
slower. 


falls precipitously, offering little resistance to intramyo- 
cardial coronary flow. Most coronary blood flow occurs 
during this period and is greatest whenever the heart 
spends more time in diastole. 

Coronary vascular resistance is influenced by a number 
of factors. Neural influences are very important. For 
example, a- and a-adrenergic receptors release nor- 
epinephrine and cause coronary vasoconstriction. In 
contrast, B- and ®,-adrenergic receptors mediate vaso- 
dilation. Metabolic, myogenic, and pharmacologic fac- 
tors are important, as are substances released from the 
endothelium causing vasodilation or vasoconstriction. 

It follows that when the myocardium requires more 
O>, efforts to slow the heart should improve coronary 
blood flow by increasing diastole. Oxygen debt could 
result by increasing heart rate and the time spent 
in systole. 

Myocardial oxygen consumption is determined primar- 
ily by (1) heart rate, (2) myocardial contractility, and 
(3) myocardial tension. Heart rate and contractility 
are determined by the balance between 8,-adrenergic 
and vagal efferent activities. According to the Laplace 


relationship, peak myocardial tension is directly re- 
lated to EDV and aortic diastolic blood pressure (Pa) 
but is inversely related to ventricular wall thickness 
(i.e., tension equals the product of intraventricular 
pressure and internal] radius divided by the wall thick- 
ness). Thus, events that increase either EDV or Pa or 
that decrease myocardial wall thickness increase peak 
tension (and MVO»). This emphasizes the importance 
of compensatory responses that decrease ventricular 
volume and aortic pressure and keep the ventricular 
wall thick by compensatory hypertrophy (chapter 11). 
Two factors influencing myocardial oxygen con- 
sumption—heart rate and O; delivery (the duration of 
diastole)—can be synthesized in a parameter called 
percentage diastole (Fig. 3-13). The higher the heart 
rate, the greater the O; consumption and the less time 
there is for O, delivery. When heart rate speeds, systole 
shortens, but the number of systoles increases. There- 
fore, the time spent in systole increases. However, dias- 
tole shortens disproportionately more, so that the per- 
centage of time spent in diastole falls precipitously. 


THE CARDIAC CYCLE 


The sequence of events that occurs during contrac- 
tion and relaxation of the heart is termed the cardiac 


Durations of Systole and Diastole 


Slow 
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FIGURE 3-13 


Illustration of the relationship between heart rate and duration of 
systole and diastole. Duration of systole and diastole (ordinate) are 
plotted against heart rate (abscissa). Duration in diastole 
represents the time that coronary blood flows and oxygen is 
delivered to the myocardium; the duration in systole represents the 
time that intramyecardial tension obstructs coronary flow and 
determines the demand of the myocardium for oxygen. Note the 
distinct advantage for myocardial oxygenation at slower heart rates. 


cycle." Since it occurs repetitively, we shall examine 
only a single cardiac cycle (Fig. 3-14A,B). 

The cardiac cycle is initiated by the P wave of the 
electrocardiogram (ECG) (occurring before time in- 
terval I), which represents the wave of stimulation that 
drives the atria to contract. Between I and II the atrium 
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contracts, atrial and ventricular pressures and ventricu- 
lar volume increase slightly, the leaflets of the mitral 
valve open to accommodate flow from atrium into 
ventricle, and myocardial tension (T) increases slightly. 

After blood enters the ventricle during atrial con- 
traction, the ventricle reaches an elastic limit, suddenly 
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Graphs showing events of the cardiac cycle illustrated by echocardiography, pressure recordings, 
heart sound recording, and electrocardiography, as would occur in a large breed dog. Cardiovascular 
events may be timed with respect to the electrocardiograms (ECG) at the bottoms. Curves are 
relatively schematized, and the echocardiographic recordings are highly schematized. The figures 
show aortic flow (AF) and aortic velocity (v,); aortic pressure (AP); pressures within the left ventricle 
(LVP) and left atrium (LAP); heart sounds (PCG): S, = first heart sound; S = second heart sound; 
S = third heart sound; S4 = fourth heart sound (normally, only S, and S, are present); left 
ventricular wall thickness (WT); left ventricular free-wall (LV-FW), intramyocardial tension (T) [T = 
(LVP x V) / WT]; anterior and posterior leaflets of the aortic valve (AV,; AV») and mitral valves 


(MV,; MV»). 


Cardiac cycle time intervals are labeled with Roman numerals (I-VI). They identify vertical time lines 
relative to each set of curves and physiologic activities to mark events as they relate to each other 


(see text for details). 


° Interval I to II represents the period when the left atrium ejects blood into the left ventricle. 
* Interval II to III is the period of isovolumetric contraction when the left ventricle is generating 
great force, but it is not ejecting blood because the pressure has not yet exceeded that in the 


aorta. 


* Interval IN to IV is the period of left ventricular ejection, which has initially a period of rapid 
ejection and then terminally, a period of reduced ejection. 
* Interval IV to V is the period of ventricular filling, separated into the initial period of rapid filling 


and the terminal period of reduced filling. 


e Following interval VI and until interval I of the next cardiac cycle, the heart is quiet. Nonetheless, 
the arterial tree is recoiling and moving blood through the arterioles and capillaries to the veins. 


36 THE NORMAL HEART: CARDIOVASCULAR STRUCTURE, FUNCTION, AND PHYSIOLOGY 


decelerates, and throws cardiohemic structures into 
oscillations, giving rise to the soft, low-pitched fourth 
heart sound (S,). 

Next, just before II, the QRS complex of the ECG 
signals the wave of stimulation of the ventricles, and at 
II, the ventricle begins to contract. Initially, ventricular 
contraction forcibly closes the mitral valve leaflets 
when ventricular pressure exceeds the relatively low 
atrial pressure. As these leaflets close and suddenly 
decelerate the blood in the ventricle as it “attempts” to 
re-enter the atrium, cardiohemic structures are again 
thrown into oscillations, giving rise to the first heart 
sound (S,). The intensity of the first heart sound de- 
pends upon how vigorously the leaflets are closed and 
decelerate the blood. Ventricular pressure quickly rises 
to a level just less than that of aortic pressure. Ventricu- 
lar volume does not change since the ventricle is 
closed at one end by the mitral valve and at the other 
end by the aortic valve. This period is termed the 
period of isovolumetric contraction because the ventri- 
cle is contracting but is not changing volume. 

Next, as ventricular pressure continues to elevate (II 
to III) to levels greater than that within the aorta, the 
aortic valve is thrown open (usually in silence); blood 
is ejected first at a rapid rate and then at a reduced 
rate from left ventricle into aorta (III to IV). At the 
instant (III) the aortic valve opens—when the product 
of ventricular volume and ventricular pressure divided 
by ventricular wall thickness is always the great- 
est—myocardial tension reaches its maximum, termed 
the afterload (AL). Notice on the aortic echocardio- 
gram that the aortic leaflets open as blood is ejected 
into the aorta. Notice also that aortic flow peaks during 
the early portion of ejection and then decreases sud- 
denly until it approaches zero at IV. Occasionally, when 
blood flow into the aorta suddenly reaches its peak and 
then decelerates, there are oscillations of cardiohemic 
structures just after the first heart sound; normally, 
however, ejection occurs silently. 

When ventricular relaxation begins (IV) and ventric- 
ular pressure plummets toward 0, the aortic valve slams 
closed because aortic pressure exceeds ventricular 
pressure. Aortic pressure is partially sustained due to 
the elastic recoil of the arterial tree, which squeezes 
the arterial blood and forces it through the systemic 
vascular resistance. Ventricular pressure falls first to a 
level below aortic pressure (IV), then to a level below 
atrial pressure (V). This period of ventricular relax- 
ation, when pressure within is falling but the volume 
is not changing, is termed the period of isovolumetric 
relaxation. 

When this period of isovolumetric relaxation ends, 
the leaflets of the mitral valve open (V), and blood 
flows quickly from atrium to ventricle. The ventricular 
filling is first rapid and then occurs at a reduced rate. 
When the ventricle converts from a chamber that fills 
first rapidly and then suddenly at a reduced rate, 


cardiohemic structures are thrown into oscillations, 
giving rise to the third heart sound (S;). It is note- 
worthy that both the fourth and the third heart sounds 
are caused by the ventricle converting to a chamber 
that fills first rapidly, then at a reduced rate—the 
fourth sound in the wake of atrial contraction and the 
third sound in the wake of more passive filling. 

Notice that at interval V, myocardial tension is actu- 
ally a negative value. This is because the volume within 
the chamber is small, the wall is thick, and the pressure 
is low. Thus, according to Laplace’s law, tension is at 
its lowest. This negative tension permits the ventricle 
to generate subatmospheric pressure and to suck 
blood through and from the atrium. The ventricle also 
sucks blood during contraction. When the ventricle 
ejects blood into the aorta, the ventricle becomes 
small. In order to become small, all sides of the ventri- 
cle and the floor and the ceiling, or chamber, move 
together. Since the ceiling of the ventricle is the floor 
of the atrium, the atrium is enlarged when its floor 
descends. This enlargement causes atrial pressure to 
become subatmospheric. Therefore, during ventricular 
contraction, blood is actually sucked back into the 
atrium from the pulmonary veins and capillaries. This 
movement of blood from pulmonary veins to left 
atrium can be identified using Doppler echocardiogra- 
phy. 

Finally, after the ventricle is as full as it will get 
before the next atrial contraction, the heart is in a 
period of quiescence. During that period, the gradient 
of pressure between the aorta and the right atrium 
forces blood through the coronary circulation to de- 
liver O, to the myocardium. 

Although this sequence of events is described for 
the left atrium, left ventricle, and aorta, an identical 
sequence is occurring for the right atrium, right ventri- 
cle, and pulmonary trunk, but slightly skewed in time. 

An interesting and clinically important asynchro- 
nism between left and right ventricular ejection occurs 
during ventilation. During inspiration, the duration 
of right ventricular ejection lengthens, while during 
expiration, it shortens. Since this duration determines 
when the pulmonic valve closes, during inspiration the 
pulmonic valve closes tardily. Thus, the second heart 
sound (S) becomes split. Splitting of S during inspira- 
tion is termed “physiological splitting.” Because in 
dogs the heart rate accelerates during inspiration and 
duration of left ventricular ejection shortens, the aortic 
valve closes early, thus adding to the physiological split- 
ting. 
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Examination of 
the Patient with 
Cardiovascular 

Disease 


The History 


PHILIP R. FOX 


PURPOSE AND IMPORTANCE OF THE MEDICAL 
HISTORY 


Eliciting a good medical history is a technique that must be learned. It 
requires effort, tact, and patience. Historical information must be analyzed 
and processed within an organized clinical framework for data analysis.’~ 
History taking is an important art that may be likened to the “glue” binding 
together subjective aspects of the physical examination and diagnostic 
tests.” ê 

There is a growing and undesirable trend to bypass the time and effort 
required for an insightful history and thorough examination. It is often 
simpler to substitute expensive technologic procedures when diagnosis or 
management could have been readily made with a detailed history and 
complete examination.” è” An accurate and attentive history is the richest 
source of information and assists the clinician in evaluating subjective aspects 
of diagnostic tests,* ©! 

The history and physical examination form the cornerstone of diagnosis.* 
®.8 They are crucial for decisions involving clinical evaluation and therapy 
(Fig. 4~1). A good history should help reveal the system or disease(s) causing 
clinical signs described by the client’s chief complaint. Accordingly, the 
history collects medical information to (1) help distinguish between cardiac 
and pulmonary disease, (2) establish a specific diagnosis of heart disease, 
(3) determine the frequency and extent of associated clinical impairment, 
(4) assess the response (or lack of response) to therapy, (5) determine the 
presence of other medical conditions, and (6) establish a doctor-client 
relationship. The history also provides a sense of pet owner willingness 
and commitment to treat chronic heart failure, which is usually inexorably 
progressive. 


ELICITING THE HISTORY 


Different methods may be used to elicit a medical history,” °'® but a 
complete and comprehensive set of well-planned questions is required to 
obtain necessary information (Table 4-1). During the initial process the 
owner is asked to relate observations and concerns in his or her own manner. 
While this may result in many irrelevant facts and is time consuming, it 
provides a glimpse of the client’s intelligence, emotional state, and health 
care experience. It usually provides important information about the pet’s 
clinical condition, and gives the client the satisfaction of being heard. 

The pet owner will not usually volunteer all relevant information without 
prompting. This is due to incomplete observation of clinical signs, incorrect 
description of signs through misinterpretation, emotional concern, and a 
sense of denial that serious illness is present. 

The clinician must then direct the client, using a well-planned set of 
questions designed to evaluate relevant clinical observations. These observa- 
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CLINICAL SIGNS 


IS HEART 
DISEASE 
PRESENT? 
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FAILURE SIGNS DUE TO: 
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UV CARDIAC DRUG THERAPY? 
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* TREATMENT COMPLIANCE? 


* DRUG TOXICITIES? 


* INCORRECT DRUGS? FOX PR, 1996 


FIGURE 4-1 


History algorithm. This highlights basic areas to investigate in 
order to discern the relationship between clinical signs and cardiac 
versus noncardiac disease. 


tions include (1) determining onset of signs, their 
related chronology, and severity; (2) uncovering pre- 
cipitating factors; and (3) assessing response (or lack 
of response) to therapy. The clinician must elicit a 
description of all clinical signs, even if the pet owner 
does not believe them to be relevant. Generally, only 
those problems deemed most bothersome to the client 
(the chief complaint) are volunteered. 


SIGNALMENT 


This part of the objective data base includes the 
age, breed, and gender. Many diseases have particular 
breed and gender predilections (chapters 23-25). Ac- 
quired cardiorespiratory diseases also have species and 
breed variation relative to certain diseases.''"! 


TABLE 4-1 
Important Information for the Complete History 


Signalment (age, breed, gender) 
Geographic origin (pound, breeder, found as stray) 
Environment (indoor vs. outdoor) 
Diet 
Previous medical or surgical problems (include diagnostic 
procedures and associated results, therapies, outcome) 
Preventive health care status (vaccinations, parasites, heartworm 
prophylaxis) 
Chief medical complaint 
Date of onset 
Acute or gradual 
Description of signs (static, regressive, or progressive) 
Association of signs with activity 
Diagnostic test results if examined elsewhere 
Therapies 
Doses, duration 
Response 
General status (weight loss or gain, activity level, appetite, 
urination and defecation characteristics) 


PAST HISTORY 


Important clues may be obtained from the pet’s past 
history. For example, congenital heart disorders may 
be inferred if siblings, dam, or sire have been affected 
with known cardiovascular disease.’* Questions con- 
cerning the health of related pets should be asked. 
Also, results from diagnostic procedures, including 
radiographs, electrocardiograms (ECGs), echocardio- 
grams, and clinical pathology tests performed at other 
veterinary clinics, are important to evaluate. Fre- 
quently, drugs will have been prescribed for known or 
suspected heart disease. Knowledge of doses, owner 
compliance, and therapeutic response (or lack of re- 
sponse) can offer valuable insights. In addition, drug 
toxicities can exert a variety of systemic or metabolic 
effects and may contribute to clinical signs. 


GENERAL HISTORY 


A detailed general medical history is important (see 
Table 4~1).>" Systemic and metabolic disorders may 
precipitate or cause cardiovascular abnormalities such 
as hyperthyroidism (chapter 34), chronic renal disease 
(chapter 35), and a variety of other conditions (chap- 
ter 33). Whether the pet’s environment is primarily 
indoor or outdoor may influence its susceptibility to 
heartworm infection. Previous diet and current diet 
are important, as certain nutritional deficiencies (e.g., 
taurine and carnitine deficiency) may cause myocar- 
dial dysfunction (chapter 32). Significant past illnesses 
(e.g., parvovirus infection) or injuries (e.g., traumatic 
arteriovenous fistula) should be discerned. 


SPECIFIC CARDIOVASCULAR HISTORY 


SIGNS OF HEART DISEASE 


Dyspnea, exercise intolerance, syncope, coughing, 
and cyanosis are the most common signs of heart 
disease. Thus, the clinician should be familiar with 
distinguishing features of respiratory, systemic, and 
metabolic diseases that cause similar signs (Table 4~ 
2).> 10 Cats in heart failure are also usually lethargic 
and anorectic and tend to hide. They do not cough 
with pulmonary edema but may with heartworm dis- 
ease. 

Heart failure is a syndrome with variable clinical 
signs and may be present along with respiratory dis- 
ease. Therefore, one must distinguish among heart 
disease, heart failure, and noncardiac diseases relative 
to clinical signs (see Fig. 4~1) and determine the po- 
tential relationship of these disorders to the clinical 
complaint. 


TABLE 4-2 


Historical Features Differentiating Cardiac from Respiratory Disease 


Clinical Signs or Patient 
Characteristics 


Small dogs (<20 kg, especially toy and 
miniature breeds) 


Large/giant breed dogs 
Breed-specific predispositions 


Body condition 


Cough 


Heart Disease 


Chronic acquired valve disease 


Dilated cardiomyopathy 

Congenital heart disorders (chapters 23, 24) 

Acquired heart diseases 

DCM (Doberman pinschers; Cocker 
spaniels) 

Sick sinus syndrome (miniature schnauzers) 

Right atrial hemangiosarcoma (German 
shepherds; Irish setters; Labrador 
retrievers) 

Stunted (severe congenital heart diseases) 

Cachexia (CAVD; DCM; SBE) 

Weight loss (hyperthyroidism) 

With pulmonary edema: mild, grunting, soft 


Exercise capacity severely decreased 
between coughing episodes 
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Respiratory Disease 


COPD; large airway disease 


Laryngeal paralysis 

Tracheal stenosis (English bulldogs) 

Stenotic nares; elongated soft palate; everted 
laryngeal saccules (brachycephalic breeds) 

Chronic respiratory infections (Chinese Shar 
Pei) 

Ciliary dysfunction (Chinese Shar Pei) 

Laryngeal paralysis (Bouvier des Flandres) 


Obese or normal 


With large airway disease: loud, hacking, brassy, 
dry, “goose honking,” precipitated by 
excitement 

Exercise capacity normal between episodes 


Duration: acute to days 
Respiratory stridor No 
Exercise capacity 


Syncope 


Markedly reduced with left-sided CHF 


CAVD; HOCM; SAS; DCM; right-to-left 
cardiac shunting; anemia; pulmonary 
hypertension; brady- or tachyarrhythmias 


Duration: months to years 

Upper airway obstruction; nasophryngeal polyps 

Large airway disease: generally normal 

Bronchopneumonia: generally reduced but 
variable 

Uncommon; may occur in small breed dogs with 
large airway disease and severe mitral 
regurgitation 


Abdominal distention Right-sided CHF No 
Peripheral edema Right-sided CHF No 
Diet Specific deficiencies (e.g., carnitine; No 


taurine) 


CHF, congestive heart failure; COPD, chronic obstructive pulmonary disease; DCM, dilated cardiomyopathy; CAVD, chronic acquired valvular disease; MR, 
mitral regurgitation; TR, tricuspid regurgitation; HOCM, hypertrophic obstructive cardiomyopathy; SAS, subaortic stenosis; SBE, bacterial endocarditis. 


Dyspnea 


Dyspnea is associated with a large and varied set of 
conditions:'* ' heart failure, respiratory disease, chest 
wall abnormalities, pleural and pericardial effusions, 
circulatory disorders, anemia, acidosis, excitement, 
and pain. 

Establishing the degree of activity necessary to pro- 
voke dyspnea or its relative onset of action may be 
helpful. Acute dyspnea suggests pulmonary edema, 
severe pneumonia, airway obstruction, pneumothorax, 
or pulmonary thromboembolism. Chronic, progressive 
dyspnea may occur with right-sided heart failure, peri- 
cardial disease, bronchial disease, emphysema, pleural 
effusions, progressive anemia, or pulmonary neoplasia. 
Inspiratory dyspnea suggests upper airway obstruction, 
whereas expiratory dyspnea is typical of lower airway 
obstruction. Exertional dyspnea implies organic dis- 
ease (e.g., myocardial failure with dilated cardiomyopa- 
thy) or chronic obstructive lung disease. Dyspnea at 
rest can indicate pneumothorax, pulmonary thrombo- 
embolism, or severe congestive heart failure (CHF). 
Paroxysmal dyspnea may suggest brady- or tachyar- 
rhythmias, especially if accompanied by episodic weak- 


ness or syncope. In cats, dyspnea is a common sign of 
severe thyrotoxicosis." 

A history indicating that dyspnea diminished or re- 
solved with diuretics, angiotensin-converting enzyme 
inhibitors, or digitalis therapy suggests heart failure as 
an etiology. Response to bronchodilators, antibiotics, 
or corticosteroids suggests bronchial disease. 


Cough 


Coughing is associated with a variety of cardiorespi- 
ratory conditions, and many coughs sound alike.® 15 18 
More than one etiology may coexist. Cardiogenic pul- 
monary edema in dogs most frequently results from 
left-sided heart volume overload (mitral regurgitation 
caused by endocardiosis) or dilated cardiomyopathy. 
Duration of coughing from acute pulmonary edema is 
usually less than a week and rapidly progresses in 
severity. The related cough is generally relatively soft 
and mild and accompanies exertional dyspnea (in con- 
trast to large airway disease). Chronic pulmonary con- 
gestion may cause mild intermittent coughing and noc- 
turnal dyspnea or cough. ® The predictive value of 
nocturnal coughing has not been established, however. 
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When edema is fulminant, the cough may yield small 
quantities of frothy, pink-tinged foam from the mouth 
or nares. Acute pulmonary edema may occur without 
warning and be preceded predominantly by dyspnea. 

In dogs, impingement of the left main stem bron- 
chus by a left atrium enlarged by chronic mitral regur- 
gitation contributes to chronic coughing.” Cats appear 
not to cough, however, even when severe left atrial 
enlargement is present. 

Large airway disease in small breed dogs causes 
chronic paroxysmal coughing characterized as harsh, 
resonant, dry, and “goose honking” in nature.'® 7° 
Coughing may persist for years, is paroxysmal, and is 
usually elicited by excitement. Less commonly, affected 
dogs with collars who pull during leash walks will ex- 
hibit this coughing. Dogs with collapsed trachea usu- 
ally have normal exercise capacity between coughing 
episodes unless congestive heart failure is present, 
which causes lethargy and weakness. 

In cats, pulmonary edema usually results from hyper- 
trophic or restrictive cardiomyopathy. Affected cats do 
not cough but instead exhibit acute dyspnea, lethargy, 
and occasionally vomiting.'* 


SYNCOPE 


Transient loss of consciousness from inadequate ce- 
rebral blood flow defines syncope (chapter 22).* It 
occurs most commonly in coughing, excited, small 
breed dogs with chronic, severe mitral regurgitation, 
whose paroxysmal coughing is immediately followed 
by transient collapse (cough syncope). Syncope or epi- 
sodic weakness also occurs with other cardiovascular 
diseases, most notably subaortic stenosis, pulmonary 
valve stenosis, hypertrophic obstructive cardiomyopa- 
thy, pulmonary hypertension, and right-to-left cardiac 
shunts (tetralogy of Fallot, patent ductus arteriosus). 
Poor forward cardiac output, as occurs with dilated 
cardiomyopathy and systemic hypotension from vasodi- 
lator drugs, may cause syncope. Tachy- or bradyar- 
rhythmias may also be causative. Complete (third-de- 
gree) AV block usually precipitates acute lethargy or 
collapse.’ 


WEAKNESS AND EXERCISE INTOLERANCE 


Although not specific for heart disease, decompen- 
sated heart failure is characterized by lack of exercise 
ability, lethargy, or fatigue. This results from the heart’s 
inability to provide oxygen to satisfy tissue metabolic 
needs because of myocardial dysfunction, obstruction 
to ventricular outflow, or arrhythmias.® 1 Anemia, sys- 
temic and metabolic diseases (e.g., hypoadrenocorti- 
cism), drug toxicities (hypotension), and severe respi- 
ratory disease may also cause these signs. 


OTHER SIGNS OF HEART DISEASE 


PARESIS. Acute posterior paresis in cats associated 
with cardiomyopathy is a characteristic sign of aortic 
thromboembolism caused by a saddle embolism (chap- 
ter 28). Clinical signs" ? include peracute, lateralizing 
posterior paresis with the distal paw slightly swollen; 
severe pain manifested by vocalizing; and dyspnea re- 
lated to congestive heart failure, which often occurs 
concomitantly with thrombosis. Occasionally, thrombo- 
embolism affects a front leg rather than the distal 
aortic trifurcation. In these cases the right front leg is 
usually affected. 

In dogs, shifting leg lameness has been described 
as a complication of bacterial endocarditis.” Aortic 
thromboembolism occurs but is rare.” 


WEIGHT Loss. Weight loss is a common finding in 
dogs with chronic, severe heart failure caused by ac- 
quired degenerative valve disease or dilated cardiomy- 
opathy (DCM). Cardiac cachexia is associated with 
gradual but progressive loss of weight despite a rela- 
tively normal appetite (chapter 32) and drug therapy. 
In dogs with DCM, marked weight loss may occur over 
a short period of 1 to 2 weeks and is sometimes the 
chief client complaint. 

In cats, weight loss is most commonly associated with 
hyperthyroidism.” It reverses when euthyroidism is re- 
established (chapter 34). Cats with primary cardiomy- 
opathy do not usually lose weight unless chronic right- 
sided heart failure is present. 


SWOLLEN ABDOMEN OR PERIPHERAL EDEMA. The client 
may become aware of weight gain manifested by ab- 
dominal swelling when ascites is present. Occasionally, 
severe general retention of extracellular fluid will 
cause peripheral edema, which is most notable in the 
extremities. Peripheral edema may also result from 
hypoproteinemia and obstruction of lymphatics. When 
edema affects only one leg, local factors such as neo- 
plasia, phlebitis, or neoplasia must be considered.” 


MUCOUS MEMBRANE COLOR. Clients will occasionally 
describe abnormal changes in mucous membrane col- 
oration. Cyanosis may be observed in the tongue, 
gums, or ears of pets with congenital heart diseases 
causing right-to-left shunting (chapter 24), with con- 
gestive heart failure, or with severe respiratory disease. 
Before cyanosis associated with hypoxemia can be de- 
tected, circulation of at least 5 gm/dl of deoxygenated 
hemoglobin must be present. Pale, gray mucous mem- 
branes may result from cyanosis combined with periph- 
eral vasoconstriction. Pink or reddish mucous mem- 
brane may be observed during initial stages of septic 
shock. Injected, dark red mucous membranes may re- 
sult from cyanosis combined with hypoxemia and re- 


duced blood flow.?* Yellowish discoloration is associ- 
ated with icterus. 


OCULAR AND NEUROLOGIC SIGNS. Systemic hyperten- 
sion may be heralded by acute blindness with fundo- 
scopic lesions including retinal degeneration, hy- 
phema, and hemorrhage (chapter 35). Occasionally, 
central nervous system signs, including stupor and 
coma, may be present. 


INTERPRETING THE HISTORY 


When eliciting a history, the owner’s personality and 
emotional state must be taken into consideration. It 
should be appreciated that many owners with severely 
sick animals may exhibit marked denial of their pets’ 
illness. This is due in part to the increasing importance 
of the human-animal bond and apprehensions of costs 
related to veterinary care. Significant historical details 
should be verified by repeated questions constructed 
slightly differently. A friend or family member who 
brings the pet in for examination may not have actually 
observed the pet’s clinical signs, and this must be 
ascertained. 
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The Physical 
Examination 
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Information from the physical examination, combined with that obtained 
from a complete history, comprises the foundation for diagnosis, initial 
treatment, and evaluating response to therapy. Despite major technologic 
advances in cardiology, the history and physical examination remain the 
most important components of the cardiac evaluation. The tools employed 
are the five senses, supplemented at times by instruments designed to 
augment their sensitivity, such as the stethoscope or ophthalmoscope. Al- 
though a complete physical examination should be performed on each 
patient, practical considerations often dictate the amount of time and effort 
devoted to a particular organ system. Table 5-1 identifies dependable signs 
of cardiovascular disease in the dog and cat. Note that 8 of the 12 signatures 
of cardiovascular disease are based on the physical examination. ' 

A thorough written record of the entire cardiac examination is essential 
to follow medical progress. Preprinted forms requiring simple check-marks 
or symbols provide the essential information for subsequent follow-up and 
review. 


INSPECTION 


BREATHING 


Initially, the clinician should observe each patient from a distance, noting 
the breed, general body condition, attitude, temperament, conformation, 
and ability to ambulate. The rate and character of respiration are observed, 
and apparent effort required to breath is assessed. Tachypnea accompanied 
by cough, increased effort, or altered pattern of respiration is a frequent 
manifestation of heart failure or respiratory disease. Rapid, shallow breathing 
is often observed in anxious pets at the time of the examination. Animals 
with true dyspnea often stand with their elbows abducted in an attempt to 
improve ventilation. More severe respiratory distress is evidenced by exten- 
sion of the head and neck and by open-mouth breathing (Fig. 5-1). Orthop- 
nea is demonstrated when a severely compromised patient sits on its 
haunches and refuses to assume a recumbent position. This finding is 
common in animals with respiratory distress caused by severe pulmonary 
edema, pleural effusion, bronchopneumonia, pneumothorax, or acute dia- 
phragmatic hernia. Pet owners often report that their animal has been 
restless at night, with difficulty sleeping. 


EXERCISE INTOLERANCE 


Animals with heart disease are often reluctant to exercise or unable to 
perform to expected standards. With severe disease, they may be too 


TABLE 5-1 
Dependable Signs of Cardiovascular Disease in the 
Dog and Cat 


. Grade IV/VI or louder systolic murmurs 

. Grade III/VI systolic murmurs in the absence of anemia 

. Diastolic murmurs of any intensity 

. Gallop heart sounds (an accentuated third, fourth, or 
summation sound) 

5. Palpable precordial thrills 

6. Peripheral cutaneous thrills 

7. Generalized venous engorgement 

8 

9 


A o Nl 


. Localized absence of arterial pulsations 
. Radiographic or echocardiographic evidence of cardiac 
enlargement 

10. Left bundle branch block (ECG) 

11. Right ventricular enlargement criteria (ECG) 

12. Certain cardiac arrhythmias (atrial fibrillation or flutter; 
persistent or frequent premature atrial or ventricular 
contractions; paroxysmal tachycardia; high-grade 
atrioventricular block) 


Modified from Detweiler DK, Patterson DF, Luginbihil H, et al. Diseases of 
the cardiovascular system. /n Catcott EJ (ed): Canine Medicine. Santa Barbara, 
California, American Veterinary Publishers, Inc. 1968. 


weak to ambulate more than a few yards. Subtle de- 
grees of exercise intolerance are difficult to recognize 
or to quantify, particularly in cats and nonworking 
dogs. In this regard, the owners’ observations, as elic- 
ited in the history, must be relied upon. Classes of 
heart failure, analogous to those developed by the New 
York Heart Association for humans and based largely 
on ability to exercise, have been adopted for categoriz- 
ing heart disease severity in dogs (see Appendix). Such 
classifications are relatively useless for categorizing cats 
with heart disease. Often, the only observed change in 
cats with developing heart failure is a tendency toward 
more reclusive behavior. 


WEIGHT LOSS 


Chronic heart failure may cause severe weight loss, 
referred to as cardiac cachexia. It is distinguished from 
other forms of weight loss in that affected animals 
suffer a substantial loss of lean body mass.* Muscle 
wasting is often particularly noticeable in the temporal 
region of the head and along the dorsal lumbar area 
(Fig. 5-2). Such findings are particularly common in 
dogs with dilated cardiomyopathy, severe heartworm 
infestation, or chronic degenerative valvular disease. 
Pathophysiology of cardiac cachexia is complex, but 
causes include decreased appetite, malabsorption, gas- 
trointestinal protein loss, and increased production of 
tumor necrosis factor and various cytokines (chapter 
32). 


ASCITES 


Abdominal distention due to ascites is common in 
dogs with pericardial disease or right-sided heart fail- 
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ure. Common causes of right-sided heart failure in 
dogs include heartworms, dilated cardiomyopathy, 
congenital or acquired tricuspid valve insufficiency, 
and pulmonic stenosis. In cats with congestive heart 
failure, ascites occurs less commonly and is usually less 
pronounced. To the untrained observer, patients with 
ascites may appear obese owing to abdominal disten- 
tion. The distinction is usually easily made by careful 
palpation and ballottement, but abdominocentesis is 
sometimes required to confirm ascites in obese pa- 
tients. 


DISTENDED JUGULAR VEINS 


Animals with right-sided heart failure or pericardial 
disease typically manifest jugular venous distention 
(Fig. 5-3). Jugular pulses are abnormal. 


PERIPHERAL EDEMA 


Swollen extremities and ventral edema are uncom- 
mon with congestive heart failure. When present, the 
edema is usually symmetric in distribution and virtually 
always indicates severe right-sided heart failure. 


EXAMINATION OF THE HEAD 
AND NECK 


EVALUATION OF THE SKIN AND 
MUCOUS MEMBRANES 


The mucous membranes are normally moist and 
pink. A variety of disorders alter the appearance of the 


FIGURE 5-1 


Severely dyspneic dog with fulminant pulmonary edema caused by 
mitral insufficiency from chronic acquired valvular disease. 
Cardinal features include a straight head and neck, which 
minimize resistance to breathing; maximal utilization of muscles of 
respiration, evidenced by abducted elbows; and open-mouth 
breathing. Notice the commissures of the mouth, which are drawn 
back, and a glaring stare, associated with anxiety and dyspnea. 
(Courtesy of Dr. Philip Fox, The Animal Medical Center.) 
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mucous membranes; some reflect primary cardiac or 
circulatory disorders whereas others indicate responses 
of the circulatory system to systemic disease or environ- 
mental challenges. Thus, while anemia and polycythe- 
mia are characterized by pale or injected mucous 
membranes, respectively, such findings are a very in- 
sensitive and unreliable way to estimate the circulating 
mass of red blood cells. The mucous membranes often 
appear pale in nervous animals, especially cats, and 


FIGURE 5-3 


Jugular venous distention is apparent in this cat with severe right- 
sided congestive heart failure. (Courtesy of Dr. Philip Fox, The 
Animal Medical Center.) 


FIGURE 5-2 


Cardiac cachexia, evidenced by generalized muscle 
wasting, is apparent in this Doberman pinscher with 
chronic congestive heart failure caused by dilated 
cardiomyopathy. 


they sometimes appear injected in otherwise normal 
patients. Animals suffering from shock or hypothermia 
often have pale, ashen mucous membranes. In these 
circumstances, capillary refill time, normally 1 or 2 
seconds long, is also often noticeably prolonged as a 
result of reduced cardiac output. In the majority of 
dogs and cats presented in heart failure, mucous mem- 
brane color and capillary refill times are normal, em- 
phasizing the fact that such assessments serve only to 
distinguish animals with particularly severe disease. 

Cyanosis is defined as bluish discoloration of the 
mucous membranes or the skin (Color Plate 1). The 
magnitude of cyanosis is determined by the concentra- 
tion of reduced hemoglobin in the blood perfusing 
the regional capillaries. Cyanosis is usually observed 
only when the concentration of deoxygenated hemo- 
globin exceeds 5 g/dl.* It is important to distinguish 
patients with central cyanosis from those with peripheral 
cyanosis. 

Central cyanosis indicates that cyanosis is general- 
ized, involving all body tissues, including skin mucous 
membranes. It results from arterial hypoxemia or in- 
creased concentrations of abnormal hemoglobin pig- 
ments such as methemoglobin. Mechanisms of arterial 
hypoxemia include (1) inspiring air with an abnor- 
mally low oxygen concentration, (2) hypoventillation, 
(3) diffusion impairment, (4) ventilation-perfusion 
mismatch, or (5) shunting unoxygenated blood from 
the right side of the circulation to the left. Pulmonary 
edema due to left-sided heart failure results in arterial 
hypoxemia and central cyanosis, mainly as a result 
of ventilation-perfusion mismatching. Anatomic shunts 
resulting in central cyanosis are usually caused by con- 
genital cardiovascular malformations such as tetralogy 
of Fallot, Eisenmenger’s syndrome, and right-to-left- 
shunting patent ductus arteriosus (PDA). The latter is 
characterized by “differential cyanosis,” in which the 
caudal half of the body is cyanotic while the head 
and front legs receive blood with near-normal oxygen 


saturation. The careful examiner compares and con- 
trasts the appearance of oral and conjunctival mucous 
membranes with those of the vulva or penis and pre- 
puce. Arterial blood gas analysis confirms the presence 
and elucidates the cause of arterial hypoxemia. 

Peripheral cyanosis is usually observed in the distal 
extremities, such as the digits and ear tips. By defini- 
tion, arterial oxygen saturation is normal in patients 
with peripheral cyanosis, but a larger proportion of 
the oxygen is extracted from the capillary and venous 
blood perfusing the affected region. Peripheral cyano- 
sis results from decreased arterial blood flow or venous 
pooling and, thus, may develop secondary to reduced 
cardiac output, regional vasoconstriction, or vascular 
obstruction. Shock and hypothermia are common 
causes of peripheral cyanosis. Regional cyanosis of the 
digits, nailbeds, and footpads is a well-known physical 
finding in cats with aortic thromboembolism. 

Other abnormalities of the skin and mucous mem- 
branes are less likely to indicate or be associated with 
cardiovascular disease. Icterus, manifested as a yellow 
or orange cast to the mucous membranes and sclera, 
signifies elevated total serum bilirubin. Causes include 
obstruction to bile flow, a variety of hepatopathies, or 
increased rate of red blood cell destruction. Jaundice 
is a most unusual finding with heart disease, occurring 
most commonly in heartworm-infected dogs with vena 
caval syndrome. Ecchymotic hemorrhages in the skin 
or mucous membranes occur with severe polycythemia 
but are more typical of a systemic vasculitis or coagu- 
lopathy. Petechiae are observed most commonly with 
thrombocytopenia but are occasionally noted with in- 
fective endocarditis. 


THE OCULAR EXAMINATION 


Certain cardiovascular diseases cause marked ocular 
changes. Careful evaluation of the eyes, including a 
careful fundic examination, is therefore important. In 
cats with systemic hypertension, diminished or absent 
pupillary responses are common due to retinal detach- 
ment or retinal hemorrhages (Color Plate 2).4 Papil- 
ledema, swelling of the optic disc, is also common 
in this circumstance. Retinal hemorrhages are also 
observed with polycythemia or bacterial endocarditis. 
Central retinal degeneration is reported in about one 
third of cats with dilated cardiomyopathy caused by 
taurine deficiency.’ It is characterized by horizontally 
linear, hyperreflective areas that can expand to incor- 
porate most of the fundic region. 


EXAMINATION OF THE JUGULAR AND 
OTHER SUPERFICIAL VEINS 


Two principal observations can be made from exam- 
ination of the jugular veins: (1) the level of venous 
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pressure, and (2) the type of venous wave pattern. The 
jugular veins are not normally distended and should 
empty quickly following manual compression at the 
thoracic inlet. Normal venous pulsations do not usually 
extend higher than one third of the way up the neck 
in healthy, erect-standing animals. During inspiration, 
jugular venous pressure normally declines, causing the 
vein to collapse, but the amplitude of the pulse waves 
increases slightly owing to increased venous return. 
The jugular venous pulse pattern reflects events of 
the cardiac cycle (Fig. 5-4). This pattern is often 
discernible in large-breed dogs with slow heart rates, 
but it is often camouflaged in small dogs or cats with 
rapid heart rates. The wave that results from atrial 
systole is called the “a” wave. The “x-descent”’ immedi- 
ately follows the “a” wave and results from atrial relax- 
ation. A small “c” wave is often present and occurs 
simultaneously with the carotid arterial pulse but re- 
sults primarily from tricuspid valve closure. The “‘x’- 
descent” that follows results from downward move- 
ment of the tricuspid annulus as the ventricles start to 
contract at the onset of systole. Filling of the right 
atrium during late ventricular systole results in the “v” 
wave; this is followed by the “y-descent” as right atrial 
pressure falls when the tricuspid valve opens. 
Distention of the jugular veins reflects elevated sys- 
temic venous pressure and occurs with right-sided 
heart failure (systolic or diastolic), pericardial disease, 
hypervolemia, or obstruction of the superior vena cava 
(Fig. 5-3). Common acquired heart diseases resulting 
in systemic venous hypertension include pericardial 
effusion with cardiac tamponade, heartworm disease, 
cardiomyopathy, and tricuspid valve insufficiency due 
to valvular degeneration or pulmonary hypertension. 
Some of the congenital heart defects causing increased 
jugular venous pressure include pulmonic stenosis, tri- 
cuspid valve dysplasia, cor triatriatum, and pericardial 
cysts. Abnormally distended jugular veins should alert 
the examiner that right-sided heart failure or any of 


FIGURE 5-4 


The normal pattern of jugular venous pulses resulting from 
hemodynamic events in the right heart. The “a” wave results from 
atrial systole, the “x descent” from atrial relaxation, the ‘“‘c’’ wave 
from tricuspid valve closure, and the “v” wave from atrial filling. 
The ‘‘y descent” is inscribed when the tricuspid valve opens and 


the right atrium empties. 
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the aforementioned cardiovascular disorders may be 
present. 

In addition, the pattern of venous pulsations may 
provide clues to the etiology of the disorder. Abnor- 
mally prominent “a” waves are observed when the 
right atrium contracts against a hypertrophied, non- 
compliant, or restricted right ventricle. Intermittent, 
bounding jugular venous pulsations occur when distur- 
bances of the cardiac rhythm cause the right atrium to 
contract against a closed atrioventricular valve, forcing 
the blood to move retrograde into the jugular veins. 
These giant, or cannon, “a” waves are most commonly 
observed in dogs with complete heart block. Promi- 
nent “v” or “cv” waves (fusion of “c” and “v” waves in 
the absence of an “‘x-descent’’) are seen with tricuspid 
insufficiency. The accentuated jugular pulses observed 
in animals with pericardial disease result from abnor- 
mal “x” and “y” descents. A jugular pulse should be 
differentiated from pounding of the carotid artery in 


nervous animals. 


PALPATION OF THE NECK 


Careful neck palpation can identify enlarged thyroid 
glands, particularly in cats with hyperthyroidism. The 
ability to “slip” an enlarged thyroid gland is particu- 
larly helpful in aged cats with a heart murmur or 
gallop heart sounds. Palpation of a mass and the pres- 
ence of a thrill or bruit near the larynx of an aged 
dog is highly suggestive of a thyroid carcinoma and 
associated arteriovenous fistula. Thyroid function is 
usually normal or depressed in affected dogs, but high- 
output heart failure may develop from the many arte- 
riovenous communications developing in association 
with this tumor. Dilation of the esophagus in young 
dogs with a history of regurgitation suggests congenital 
megaesophagus or a vascular ring anomaly. The exter- 
nal jugular veins are distended and noncompressible 
when obstructed by thromboemboli. Such obstructions 
may develop as a sequela to intravenous catheteriza- 
tion or compression of the cranial vena cava by a 
mediastinal mass. Cranial vena caval obstructions also 
cause head and neck edema and pleural effusion. 
Lymph nodes, laryngeal masses, and tracheal malfor- 
mations or collapse can also be palpated. 


EXAMINATION OF THE 
ABDOMEN 


Abdominal ballottement and palpation are per- 
formed to determine the presence of ascites and hepa- 
tomegaly. These findings are expected with advanced 
disorders of the right-side of the heart, the pericar- 


dium, and obstructive lesions of the posterior vena 
cava. Although splenomegaly may also be present in 
heart failure, it is not usually a striking finding. The 
term hepatojugular reflux refers to distention of the 
jugular veins elicited by compression of the abdomen 
for 10 to 30 seconds.” This abnormal finding is associ- 
ated with elevated central venous pressure and inability 
of the right side of the heart to accommodate any 
additional venous return. Careful abdominal palpation 
may also reveal masses associated with hemorrhage 
and abdominal effusion or small irregular kidneys 
compatible with renal failure and arterial hyperten- 
sion. 


EXAMINATION OF THE 
THORAX 


Examination of the thorax commences with inspec- 
tion and palpation for obvious deformities of the ribs 
(flail chest), sternum (pectus excavatum, pectus cari- 
natum), and the thoracic spine (kyphoscoliosis). Respi- 
rations and their frequency, regularity, and depth, as 
well as the effort required during inspiration and expi- 
ration, should be noted. The chest should be palpated, 
and the location and intensity of the cardiac impulse, 
commonly referred to as the apex beat, should be 
noted. This region is also the point of maximal intensity 
of the heart sounds in the normal animal. The apex 
beat may be displaced by any condition that alters 
the position of the heart within the chest cavity, e.g., 
intrathoracic neoplasms, diaphragmatic hernia, pleu- 
ral effusions, or cardiomegaly. In these circumstances, 
or with obese patients, the apex beat may be reduced 
in intensity or absent. The presence and location of 
a palpable thrill (vibrations) should be noted, which 
identifies the point of maximal intensity of a loud 
heart murmur. 

Percussion, although of some value in large animals 
for the assessment of heart size, is much less reliable 
in the dog and cat. The use of percussion is of greater 
value in the detection of pneumothorax in which the 
lungs sound hyperresonant, or pleural effusion, in 
which the lungs are hyporesonant. 


PRINCIPLES OF THORACIC 
AUSCULTATION 


Auscultation is the most valuable part of the cardio- 
vascular examination, providing essential information 
about the heart and great vessels and allowing evalua- 
tion of the airways and pulmonary parenchyma. The 
importance of auscultation cannot be overemphasized. 


Too often the clinician advances to sophisticated diag- 
nostic procedures, bypassing the basic steps of the 
physical examination, thereby missing significant clini- 
cal information relevant to the diagnosis and treat- 
ment. 


THE MODERN STETHOSCOPE 


Auscultation is accomplished with the binaural 
stethoscope first introduced by George Cammann in 
1855.° Stethoscopes vary in quality of design and of 
sound transmission. Imperfections in the tubing or 
chest piece, or wax lodged in the ear tips, may inter- 
fere with normal sound conduction. 

The best instrument is the one that fits the ear 
canals comfortably and transmits both normal and 
abnormal heart and lung sounds clearly. A good 
stethoscope should have comfortable ear pieces angled 
slightly forward to fit snugly into the ear canals. Most 
come with both soft and firm ear pieces to assure a 
comfortable fit. In theory, double tubing is superior to 
single tubing in transmitting sounds accurately, espe- 
cially at higher frequencies. In practice, both single 
tubing (Littmann-type) and double tubing (Rappa- 
port-Sprague-type) models seem to work well. The 
best tubing is about 1/8 inch (3 mm) in internal 
diameter and should be as short as practical, typically 
14 to 18 inches, for easy use. The chest piece should 
permit accentuation of either high- or low-frequency 
vibrations. In most models this is accomplished by a 
bell and diaphragm, a design we favor. When the bell 
is placed gently on the thorax, it accentuates lower- 
frequency heart sounds (such as S; and S,) and attenu- 
ates higher-frequency sounds. If the bell is held too 
firmly on the chest, the underlying skin acts as a dia- 
phragm, negating the low-frequency attributes of the 


FIGURE 5-5 


Only a small segment of the total vibratory energy of 
a cardiac murmur is audible because of the intrinsic 
limitations of the human ear. Low-frequency heart 
sounds are particularly difficult to hear. (From 
Butterworth JS, et al. Cardiac Auscultation. New York, 
Grune & Stratton, 1960.) 
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bell. When the diaphragm of the chest piece is placed 
firmly on the thorax, it transmits a wider band of 
frequencies than the bell. The diaphragm tends to 
attenuate low-frequency sounds and to accentuate 
higher-frequency sounds (such as S, and S,). Dia- 
phragms vary from small pediatric to large adult sizes. 
A large diaphragm is more sensitive, as it gathers 
sounds from a wide area, but a small diaphragm has 
the advantage of permitting better sound localization 
in a small dog or cat. 


PSYCHOACOUSTICS 


Figure 5-5 indicates the range of frequencies within 
which heart sounds and murmurs occur in contrast to 
normal human speech.’ The human ear does not hear 
all sounds of equal intensity with equal ease, and the 
threshold of audibility differs from person to person 
depending upon individual hearing ability.* ° Higher 
volume is required for low-frequency sound to be 
heard. For example, a sound at 32 cycles per second 
(Hz) requires 100 times the intensity to make it as 
audible to the normal human ear as a sound transmit- 
ted with a frequency of 256 Hz. 

A quiet environment is required for successful aus- 
cultation. The smallest interval that can be discrimi- 
nated by the human ear is 20 milliseconds.” When a 
louder sound precedes a softer sound, the latter may 
not be detected, a phenomenon known as fatigue. 
Even low-intensity background noise can obscure 
much of the sound, a phenomenon known as mask- 
ing." 

Purring sounds and harsh respiratory noises also 
disrupt normal heart sound recognition and may 
mimic murmurs. Holding the animal’s nares closed or 
gently brushing a small cotton pledget with alcohol 
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against the nasal region may limit such sounds. Purring 
often can be discouraged by turning on a faucet near 
the cat, pressing on the larynx, or by other physical 
maneuvers. 


ELECTRONIC STETHOSCOPES 


Most of the currently available electrical amplifying 
stethoscopes amplify both the heart sounds and exter- 
nal background noise. Except for the hearing im- 
paired, they offer no substantial advantage over the 
traditional stethoscope. However, technology now ex- 
ists to accentuate or attenuate particular band frequen- 
cies.* Frequency shifting is also possible, permitting 
the detection of diagnostically important audible 
sounds. With these techniques it is possible to compen- 
sate for selective hearing loss. It is also possible to 
eliminate distractive sounds by using an appropriate 
bandpass filter. As these and other methods of sound 
processing and display are developed, electronic 
stethoscopes may become more practical in the future. 


PHONOCARDIOGRAPHY 


A permanent, written recording of the heart sounds 
is provided by a phonocardiogram.' An electrocardio- 
gram (ECG) is usually recorded simultaneously with 
the heart sounds for timing (Fig. 5-6). Modern phono- 
cardiographs accomplish electronic filtering of the 
heart sounds in a variety of ways so that a relatively 
narrow band of sounds can be recorded. Voltage limi- 
tation is provided to enable simultaneous display of 
soft diastolic murmurs and loud systolic murmurs. Ar- 
terial pressures, respiration, M-mode ultrasound, or 
other physiologic parameters may be concurrently re- 
corded if available. 


CARDIAC AUSCULTATION 


Thoracic auscultation should be performed in a sys- 
tematic fashion.'* '* Failure to use this approach invari- 
ably results in misdiagnosis, as some murmurs and 
abnormal transients will be missed or misinterpreted. 
Regardless of the method used to define the location 
of heart sounds and murmurs, it is important to listen 
carefully over the entire thorax when heart disease is 
suspected. Traditional areas of auscultation include the 
mitral, tricuspid, aortic, and pulmonic valve areas (Fig. 
5-7) 1214 

Auscultation usually begins by placing the stetho- 
scope over the mitral valve area, which is located at 
the cardiac apex, at the left 5th intercostal space near 
the costochondral junction. This is the point of maximal 
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Illustrations of relationships between the electrocardiogram (ECG) 
and timing of heart sounds. Electrical activity depicted on the ECG 
precedes cardiac mechanical activity shown by the 
phonocardiogram (phono). The QRS complex represents 
ventricular activation. The atrioventricular valves close as the 
ventricles eject blood through the semilunar valves, and the first 
heart sound (S,) occurs at the R-wave downstroke. The second 
heart sound (S,) occurs at the end of ventricular contraction (i.e., 
ventricular systole), when the semilunar valves close. The third 
heart sound ($) occurs during the first half of diastole during 
passive ventricular filling (e.g., between the T wave and ensuing P 
wave). The fourth heart sound (S,) occurs late in diastole following 
atrial activation (P wave) and contraction. (From Gompf RE. The 
clinical approach to heart disease: History and physical 
examination. In Fox PR (ed): Canine and Feline Cardiology. Ist 
ed. New York, Churchill Livingstone, 1988, p 29.) 


intensity of the heart sounds in the normal animal. By 
advancing the stethoscope cranially along the left ster- 
nal border to the 3rd to 4th intercostal spaces, the 
region of the pulmonic valve area is auscultated. The 
aortic valve area lies dorsal and slightly caudal to the 
pulmonic valve area in the middle third of the left 
thorax at the 4th intercostal space. In the smaller dog 
and in most cats, the pulmonic and aortic regions 
overlap, making their separation difficult. Sounds 
transmitted from the tricuspid valve area are best 
heard from the 3rd to 5th intercostal spaces at the 
junction of the lower and middle thirds of the right 
thorax. 


REVISED AREAS OF AUSCULTATION 


Instruction in the technique of cardiac auscultation 
can be greatly facilitated by redefinition of the tradi- 
tional areas of cardiac auscultation, emphasizing the 
origin and transmission of both normal and abnormal 
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FIGURE 5-7 


Areas of cardiac auscultation. Traditional areas include the tricuspid (T) valve area on the right 
hemithorax (A), and the mitral (M), aortic (A), and pulmonic (P) valve areas on the left hemithorax 
(B). The shaded regions represent newly revised areas for auscultation. (A) On the right 
hemithorax, the PA (pulmonic area) and AO (aortic area) are also represented, together with the 
right atrial (RA) and right ventricular (RV) areas. (B) On the left hemithorax, four landmark areas 
are identified: LA, left atrial area; LV, left ventricular area; AO (aortic) and PA (pulmonic) areas. 


heart sounds (Fig. 5-7).'° In this revised scheme, the 
aortic area consists of the traditional aortic valve area 
on the left side of the thorax but also includes another 
area on the right cranial thorax, reflecting the fact 
that murmurs arising from aortic valve abnormalities 
are often heard in both locations. For example, the 
murmur of aortic stenosis is often louder on the right 
hemithorax than at the left side of the heart base." 
The murmur of aortic insufficiency is usually best 
heard in the traditional aortic area on the left, as is 
the aortic component of the second heart sound. The 
left ventricular area is centered just ventral to the 
traditional mitral area at the cardiac apex. Gallop 
sounds generated in the left side of the heart are best 
heard in this location.’ This is also a good location to 
hear the murmurs of mitral stenosis, mitral regurgita- 
tion, and aortic regurgitation. The left atrial area lies 
dorsal to the left ventricular area, and here the mur- 
mur of mitral regurgitation is often heard best. The 
revised pulmonic area consists of the traditional pul- 
monic valve area on the left side of the thorax but also 
includes a corresponding area on the right cranial 
thorax. The murmurs of pulmonic stenosis and pul- 
monic insufficiency are usually best heard in the pul- 
monic area on the left, as is the pulmonic component 
of the second heart sound. The right ventricular area 
occupies the area traditionally identified as the tricus- 
pid valve area. The murmurs of tricuspid stenosis and 
ventricular septal defects are usually heard best in 
the right ventricular area, as are gallop heart sounds 
generated in the right side of the heart. The right 
atrial area, defined as the region dorsal to the right 


ventricular area, is where the murmur of tricuspid 
regurgitation is best heard. 

Using a simpler approach, the location of all mur- 
murs may be described as occurring at the left heart 
base (including the aortic and pulmonic regions), the 
left apex (mitral region), or the right apex (tricuspid 
region). Although simpler, this approach places less 
emphasis on the genesis of murmurs and transient 
heart sounds than do other methods, and it is less 
valuable for teaching auscultation. 


NORMAL AND ABNORMAL 
TRANSIENT HEART SOUNDS 


CLASSIFICATION OF HEART SOUNDS 


Cardiovascular sounds of relatively short duration 
are referred to as transient heart sounds.'* > 1° These 
include the two normal heart sounds, S, and Ss, systolic 
ejection sounds, mid to late systolic clicks, early dia- 
stolic sounds (pericardial knocks, tumor plops, and 
opening snaps), and accentuated S, and S, heart 
sounds (Fig. 5-6).'+ > 17 Murmurs constitute groups of 
sound vibrations of longer duration arising from the 
heart or great vessels and possess a variety of distin- 
guishing characteristics: intensity, timing, radiation, 
frequency, character, and location. 

A review of normal physiologic events reveals the 
genesis of heart sounds and guides their identification. 
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Other heart sounds are recognized by reference to the 
prominent first two normal heart sounds (S, and S,) 
auscultated as lub-dub, in relationship to the palpated 
peripheral pulse. Most heart sounds may be adequately 
characterized by a description of their frequency or 
pitch, the time of their occurrence in the cardiac cycle, 
and the location on the chest wall where they are 
best heard. 


THE FIRST HEART SOUND (S,) 


S, occurs at the onset of ventricular systole (Fig. 
5-6) and is associated with a palpable apex beat just 
prior to the rise in arterial pressure; S, is louder, 
longer, and lower pitched than the second heart 
sound.'* The major audible portion of S, is associated 
with closure of the mitral and tricuspid valves, and it 
is heard best at the mitral and tricuspid valve areas. 
The sound is not generated by the valve cusps slapping 
shut but rather by the sudden acceleration and decel- 
eration of blood and tensing of the valve cusps, 
chordae tendineac, and related structures.” Other ele- 
ments that contribute to S, are vibrations due to early 
ventricular muscle contraction, opening of the semilu- 
nar valves at the end of isovolumic contraction, and 
vibrations related to rapid early acceleration of blood 
in the ventricles. 

In the dog, S, is approximately 80 msec in duration 
and begins approximately 20 msec after the onset of 
ventricular depolarization, near the beginning of the 
QRS complex.'* '' Time relationships in the cat are 
similar but slightly shorter in duration. 

The first heart sound is loudest in young, thin ani- 
mals and in those with high sympathetic tone, tachycar- 
dia, systemic hypertension, or anemia. Dogs with ac- 
quired valvular discase causing mitral insufficiency also 
have S, with increased intensity. 

A first heart sound of diminished intensity may be 
auscultated in obese dogs or cats; S, is also decreased 
in animals with pleural or pericardial effusion, dia- 
phragmatic hernia, emphysema, shock, decreased myo- 
cardial contractility (dilated cardiomyopathy), or pro- 
longed P-R intervals. 


SPLIT S,, Occasionally, the first sound is split into two 
components due to asynchronous closure of the A-V 
valves or accentuation of the later ejection components 
of the first heart sound (Fig. 5-6). Splitting can occa- 
sionally be appreciated at the cardiac apex and mitral 
valve region in healthy, large-breed dogs.'* It may be 
attributed to electrical disturbances (bundle branch 
block, ectopic beats, or cardiac pacing) or to mechani- 
cal factors (mitral or tricuspid stenosis).'* 14 All these 
conditions delay either mitral or tricuspid valve closure 
and produce asynchronous valve closure. A split first 


heart sound must be distinguished from a presystolic 
gallop, ejection sounds, and systolic clicks. 


EJECTION SOUNDS 


Ejection sounds are high-frequency sounds oc- 
curring early in systole in association with hyperten- 
sion, dilatation of the great vessels, or the opening of 
abnormal yet mobile semilunar valves. These sounds 
are best appreciated at the left heart base in the aortic 
or pulmonic areas. Ejection sounds are occasionally 
reported in animals with congenital heart diseases such 
as tetralogy of Fallot, aortic stenosis, and pulmonic 
stenosis, and acquired diseases such as heartworm dis- 
ease. More often, ejection sounds are recognized on 
the phonocardiogram only and not by auscultation. 


SYSTOLIC CLICKS 


Systolic clicks are short, mid- to high-frequency 
sounds that typically occur in mid or late systole (Fig. 
5-6). They are best heard over the mitral or tricuspid 
valves; may vary in occurrence, timing, and intensity; 
occur most commonly in dogs with early degenerative 
valvular disease; and are often accompanied by a sys- 
tolic murmur of mitral regurgitation.'* 14 In people, 
systolic clicks are most often due to systolic A-V valve 
leaflet prolapse. Their origin in dogs is uncertain, 
but they are likely caused by tensing of redundant 
valve leaflets or elongated chordae tendineae. They 
may be misinterpreted as gallop sounds, which also 
produce a triple cadence on auscultation. Systolic 
clicks can be easily distinguished from gallop sounds 
by noting that they are high-frequency sounds best 
heard between S, and S, using the stethoscope dia- 
phragm. 


THE SECOND HEART SOUND (S,) 


This sound is of higher frequency and shorter dura- 
tion (60 msec in dogs) than the first sound, and it is 
heard best at the aortic and pulmonic valve areas (Fig. 
5-7).!° 4 Vibrations contributing to S are produced 
by early muscular relaxation, blood vibration in the 
great vessels, and opening of the A-V valves;'® S, occurs 
at the end of ventricular systole, near the end of the T 
wave on the ECG (Fig. 5-6) and corresponds to closure 
of the semilunar (aortic and pulmonic) valves. In dogs 
and cats, aortic valve closure (A,) precedes pulmonic 
valve closure (Ps) by a very short interval, which is 
usually not detectable by ear, causing S, to be heard as 
a single sound.'* '4 In dogs, the increase in heart rate 
accompanying a normal sinus arrhythmia also tends to 


nullify the increase in diastolic filling that occurs dur- 
ing inspiration.'* 


SPLIT S>, Audible splitting during inspiration is occa- 
sionally detected in healthy, large-breed dogs. The pul- 
monic component occurs slightly later in the cardiac 
cycle than the aortic component. It is best recognized 
by listening over the pulmonic valve area. Inspiration 
increases negative intrathoracic pressures, drawing an 
increased amount of blood into the right ventricle; this 
requires a longer period for right ventricular ejection, 
which momentarily delays closure of the pulmonic 
valve. During expiration, the two components of S, 
approximate each other, and there is no splitting.!? 1° 

Pathologic splitting of S, is caused by asynchronous 
closure of the aortic or pulmonic valve, either from 
hemodynamic abnormalities or electrical disturbances 
such as bundle branch block, extrasystoles, or ventricu- 
lar pacing.'’*'* The most common cause is delayed 
closure of the pulmonic valve due to pulmonary hyper- 
tension (Fig. 5-8) in dogs with heartworm disease and 
certain congenital heart defects. Here, the interval 
between A and P, varies with respiration, as described 
earlier. In dogs with an atrial septal defect, this interval 
does not vary with respiration, and splitting of Sy is 
described as “fixed.” Delayed closure of the aortic 
valve results in “paradoxic splitting” of Sə, which is 
accentuated during expiration. Aortic stenosis, left 
bundle branch block, and certain ectopic ventricular 
beats may delay A, in dogs. Other potential causes of 
a split Sy are listed in Table 5-2. 


EARLY DIASTOLIC SOUNDS 


Opening snaps, rarely detected in domestic animals, 
occur shortly after S,, at the time of maximal opening 
of the A-V valves in early diastole. They are a promi- 
nent finding in humans with rheumatic mitral valve 
stenosis but are rarely heard in animals. Mobile atrial 
tumors can cause similar sounds, which are usually 
referred to as tumor plops. Pericardial knocks are early 


FIGURE 5-8 


Phonocardiogram recorded from the pulmonic area 
of a dog with pulmonary hypertension and a right to 
left-shunting patent ductus arteriosus. The second 
heart sound is distinctly split, as is evidenced by its 
audible components, As (aortic valve closure) and P, 
(pulmonic valve closure). Log scale recording. A 
simultaneous ECG is displayed above. 
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TABLE 5-2 
Mechanisms That May Produce Abnormal Splitting of 
the Second Heart Sound 


A. Pulmonic valve closure follows aortic valve closure (P, follows 
Ae) 

1. Delayed P, 
Left-to-right intracardiac shunt (atrial septal defect)* 
Pulmonary hypertension (heartworm disease) * 
Pulmonic stenosis* 
Right bundle branch block* 
Certain ventricular ectopic beats* 
Dilatation of the pulmonary artery 

2. Premature A, 
Mitral insufficiency 
Mitral stenosis 
Left atrial tumors 

B. Aortic valve closure follows pulmonic valve closure (paradoxic 
splitting) 

1. Delayed Ay 
Aortic stenosis* 
Left bundle branch block* 
Certain ectopic ventricular beats* 
Systemic hypertension 


*Mechanisms that have been recognized in the dog. 
Modified from Detweiler DK, Patterson DF. Abnormal heart sounds and 
murmurs of the dog. J Small Anim Pract 8:193, 1967. 


diastolic sounds of similar quality best described in 
humans with constrictive pericarditis. 


THE THIRD HEART SOUND (S,) 


The third heart sound is of low frequency and is 
generated by rapid ventricular filling. [t is not ausculta- 
table in most healthy dogs and cats, but it can some- 
times be identified on phonocardiographic recordings 
as a low-pitched sound occurring 10 to 15 msec after 
the second heart sound in the dog (Figs. 5-6, 5-9).!* 14 
The intensity is determined by the rapidity of early 
diastolic filling, the pressure in the atrium, and the 
distensibility of the ventricle during early diastole.’ 
1> 16 The more compliant the ventricle, the less intense 
the sound. Auscultatable, loud, third heart sounds are 
abnormal in the dog and cat and often imply heart 
failure, especially systolic (myocardial) dysfunction. 
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FIGURE 5-9 


Phonocardiogram recorded from a Doberman pinscher with 
dilated cardiomyopathy. Notice the third ($) heart sound 
(protodiastolic gallop), which immediately follows the second (S) 
heart sound. In dogs, auscultation of an S, sound strongly suggests 
the presence of myocardial failure. S,, first heart sound. 


Other causes of an audible S, inciude mitral regurgita- 
tion, hyperthyroidism, and anemia. When S; is audible, 
the heart sounds may be verbally characterized as lub- 
dub-thud. Such sounds are usually best heard with the 
stethoscope bell positioned near the cardiac apex, 
along the left sternal border in the left ventricular 
area. 


THE FOURTH HEART SOUND (S,) 


The fourth heart sound is produced by atrial systole. 
It is always inaudible in normal cats and dogs but may 
occasionally be demonstrated on a phonocardiogram."* 
Vibrations initiated by forceful ejection of the atrial 
blood column into an already distended or noncompli- 
ant ventricle produce this low-pitched, low-frequency 
heart sound (Fig. 5-6). When S, is audible, the heart 
sounds may be verbally characterized as bub-lub-dub; S, 
is most easily detected using the stethoscope bell posi- 
tioned near the left cardiac apex. 
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The timing and duration of systolic and diastolic heart murmurs. 
The terms “‘pansystolic” and ‘“‘holosystolic” are commonly used 
interchangeably. §,, first heart sound; &, second heart sound; $, 
third heart sound; S,, fourth heart sound. (Modified from 
Detweiler DK, Patterson DF. Abnormal heart sounds and murmurs 
of the dog. J Small Anim Pract 8:193, 1967.) 


GALLOP RHYTHMS 


A gallop rhythm is a sequence of three sounds con- 
sisting of the first and second heart sounds and an 
extra sound, which is an intensified third or fourth 
heart sound, or both (Figs. 5-6; 5-9, 5-10, 5-11). 
Gallop rhythms are classified as protodiastolic (Ss), 
presystolic (S4), or as summation gallops (fusion of Ss 
and S,). Gallop heart sounds may originate from either 
the left or right ventricle and often indicate advanced 
myocardial disease or heart failure.'* 17 

The most common gallop rhythm auscultated in dogs 
is a protodiastolic gallop, caused by an accentuated 
third heart sound. An audible S; is most often heard 
with diastolic ventricular overloading, as in mitral in- 
sufficiency, dilated cardiomyopathy, septal defects, or 
patent ductus arteriosus. In dogs with mitral insuffi- 
ciency, an accentuated S, may be mistaken for the 
second heart sound if a loud pansystolic murmur ex- 
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Contrasting the shape (intensity profile) of a heart murmur, which is often helpful in identifying its 
origin. The most common murmurs heard in dogs and cats are the plateau-shaped systolic murmur 
of mitral regurgitation, the diamond-shaped murmur of aortic and pulmonic stenosis, and the 
continuous murmur of a patent ductus arteriosus. (Modified from Detweiler DK, Patterson DF. 
Abnormal heart sounds and murmurs of the dog. J Small Anim Pract 8:193, 1967.) 


tends through the second heart sound. Protodiastolic 
gallop sounds in the cat are most commonly associated 
with congestive (dilated) cardiomyopathy, hyperthy- 
roidism, or severe anemia. A rapid heart rate, particu- 
larly in cats, often makes it impossible to determine 
whether a diastolic filling sound is an Ss, or a summa- 
tion of the two sounds. 

Presystolic gallop sounds heard just before S, repre- 
sent accentuation of S,. They occur with atrial contrac- 
tion and follow the P wave on phonocardiographic 
recordings'®; S, is most likely to be audible in those 
cardiac conditions associated with marked left ventric- 
ular hypertrophy. They are audible only as long as 
sinus rhythm is preserved and disappear with the onset 
of atrial fibrillation. In cats, S4 is commonly associated 
with diastolic restrictive diseases such as hypertrophic 
cardiomyopathy (HCM) and left ventricular hypertro- 
phy caused by systemic hypertension or hyperthyroid- 
ism. A fourth heart sound is occasionally auscultatable 
in dogs with profound heart failure due to advanced 
mitral valvular insufficiency, particularly after rupture 
of a major chordae tendineae.'* 

When S, and S, merge, particularly with rapid heart 
rates, the resulting single accentuated sound is re- 
ferred to as a summation gallop. The summation gallop 
is caused by the same conditions that produce individ- 
ual protodiastolic or presystolic sounds. 


VARIATIONS IN INTENSITY AND 
RHYTHM OF HEART SOUNDS 


DIMINISHED INTENSITY 


Heart sounds are diminished with obesity, emphy- 
sema, pleural or pericardial effusions, thoracic masses, 
diaphragmatic hernias, and when left ventricular con- 
tractility and cardiac output are lowered. 


INCREASED INTENSITY 


Heart sounds are loudest in young, thin animals 
when the heart rate is rapid. Hyperdynamic states, 
such as hyperthyroidism, anemia, or fever, may also 
increase intensity of S; and Sp. 


VARIATIONS WITH ARRHYTHMIAS 


The intensity of S, and S may vary with arrhythmias, 
including sinus arrhythmia of healthy dogs, supraven- 
tricular and ventricular premature contractions, atrial 
fibrillation, ventricular tachycardia, and heart block. 
These alterations are produced by variations in the 
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location of the atrioventricular valves at the onset of 
systole and by variable diastolic filling of the ventricles, 
such that unequal quantities of blood are expelled 
with successive contractions. The most common cause 
of heart rate variability in dogs is respiratory sinus 
arrhythmia. Inspiration causes heart rate to speed up 
because vagal tone decreases as left atrial filling pres- 
sures increase and negative thoracic pressure increases 
(the Bainbridge reflex). Expiration causes heart rate 
to slow as vagal tone increases. This waxing and waning 
of the heart rate, which can be eliminated by pain, 
excitement, or parasympatholytic drugs, produces a 
rhythmic variation of the heart sounds. 


PREMATURE BEATS AND 
TACHYARRHYTHMIAS 


Single supraventricular and ventricular premature 
beats are auscultated as early heart sounds of low inten- 
sity followed by a pause of variable duration. The pause 
following atrial and junctional ectopic beats is usually 
shorter than that following a ventricular premature 
contraction, but this distinction requires considerable 
practice to make. It is wiser to identify the nature of 
an irregular heart rhythm on an ECG. Ventricular 
ectopic beats may also cause splitting of the first and 
second heart sounds. The most dramatic examples of 
heart rate and heart sound variability occur in dogs 
and cats with atrial fibrillation, an arrhythmia charac- 
terized by a rapid, irregular heart rate. The intensity of 
the first heart sound varies continuously; the second 
heart sound is absent if the force of contraction is of a 
magnitude inadequate to open the semilunar valves. If 
a valvular murmur was present prior to the onset of 
atrial fibrillation, it may be of variable intensity, espe- 
cially if the ventricular rate is rapid. The irregularly 
irregular rhythm of atrial fibrillation has been aptly 
referred to as delirium cordis. Paroxysmal supraventricular 
or ventricular tachycardias are characterized by bursts of 
rapid, regular beats that usually cease abruptly. 


BRADYARRHYTHMIAS 


With first-degree atrioventricular heart block, the 
first heart sound may be of diminished intensity be- 
cause the prolonged P-R interval permits the mitral 
and tricuspid valve leaflets to return passively to a 
coapted state before ventricular contraction begins. 
Intermittent pauses in the rhythm are heard in dogs 
with second-degree heart block, but similar pauses may 
be caused by pronounced sinus arrhythmia and sinus 
arrest. In dogs with heart block, a low-pitched atrial 
sound is sometimes audible during the pause.” With 
complete heart block, two independent rhythms exist. 
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In addition to the slow but loud and forceful first 
and second heart sounds produced by the ventricular 
escape focus, the careful examiner can usually detect 
the softer and more rapid, low-pitched atrial (S,) 
heart sounds. 


CARDIAC MURMURS 


Murmurs represent sounds of longer duration than 
the transient heart sounds already described. Heart 
murmurs arise from turbulent blood flow (vibrations) 
created when the normal, quiet, laminar flow is dis- 
rupted. This is caused by blood flowing through abnor- 
mal communications between the cardiac chambers or 
through stenotic or insufficient valves, or by alterations 
in blood viscosity or vessel diameter. The relationship 
of cardiac murmurs to vessel size, flow velocity, and 
blood viscosity is described by Reynold’s number: 


Radius X velocity X density 
Viscosity 


Reynold’s number = 


DESCRIPTIVE CHARACTERISTICS OF 
MURMURS 


A number of features may help characterize cardiac 
murmurs.!2!7: 19, 21 


TIMING. Murmurs can be divided based upon their 
timing during the cardiac cycle into systolic, diastolic, or 
continuous types. Systolic murmurs begin with or after 
the first heart sound and end with or before the sec- 
ond heart sound. Diastolic murmurs begin with or 
after the first component of the second heart sound 
and end prior to the first heart sound. The duration 
of the murmur within the cardiac cycle may be further 
modified by terms such as holo- and pansystolic; proto- 
(early), meso-(mid), or tele-(late) systolic; proto-, 
meso-, and holodiastolic; and presystolic (Figs. 5-10, 
5-11)!" 19, 21 


LOCATION. The location of a murmur relates to the 
cardiac valve area where it is heard loudest (point of 
maximal intensity) (Figs. 5-7, 5-11). It may also be 
heard in other areas where it radiates. Location helps 
identify the specific valvular lesion, as described under 
Cardiac Auscultation. 


INTENSITY (LOUDNESS). The intensity of a murmur is 
best communicated using the six grades described by 
Freeman and Levine.’ '© 2! A grade 1/6 murmur is 
the faintest murmur that can be detected and is heard 
only with particular effort. A grade 2/6 murmur is 
a faint murmur clearly heard after a few seconds’ 


auscultation by an experienced examiner. A grade 
3/6 murmur is moderately loud and easily heard. A 
grade 4/6 murmur is a loud murmur that does not 
produce a palpable thrill. A grade 5/6 murmur is a 
very loud murmur that produces a thrill (palpable 
vibration) but is inaudible when the stethoscope is 
removed from the chest wall. A grade 6/6 murmur is 
a very loud murmur that produces a thrill (palpable 
vibration) still audible after the stethoscope is removed 
from the chest. Adherence to the same grading system 
permits different clinicians to communicate clearly 
and concisely. 


SHAPE. Murmurs are often described in terms of their 
profile during the cardiac cycle (Figs. 5-10, 5-11). 
This corresponds to their shape on a phonocardio- 
gram. Terms that are commonly used include “plateau 
or “band-shaped”’ for those murmurs of nearly equal 
intensity throughout their duration, “decrescendo” 
for those murmurs that gradually taper off from an 
initial peak, and “diamond-shaped” or “crescendo- 
decrescendo” for those murmurs that build to a peak 
and then gradually diminish. 


PITCH OR FREQUENCY. Murmurs may also described as 
high-, medium-, or low-pitched or of mixed frequency. 
High-pitched murmurs are heard best with the stetho- 
scope diaphragm, whereas low-frequency murmurs are 
heard best with the bell. The quality or timbre of a 
murmur refers to the arrangement of murmur fre- 
quency components (purity of the pitch) producing a 
subjective impression, described in such terms as 
harsh, blowing, or musical. 


RADIATION. Murmurs radiate in the direction of 
blood flow responsible for the murmur. The pattern 
of radiation is important in some lesions. For example, 
the murmur of congenital subaortic stenosis radiates 
widely—craniodorsally, apically, and even to the head; 
thus, it may be heard loudly at the right cardiac base. 
With pulmonic stenosis, the murmur radiates cranio- 
dorsally into the main pulmonary artery and thus may 
be heard loudly at the left cardiac base. 


SYSTOLIC HEART MURMURS 


INNOCENT AND PHYSIOLOGIC 
MURMURS 


Nonpathologic murmurs include innocent murmurs, 
most commonly detected in young animals with no 
evidence of structural heart disease, and physiologic 
(functional) murmurs, usually caused by increased car- 
diac output or decreased blood viscosity. It is often 


difficult to distinguish innocent or physiologic mur- 
murs from those due to organic disease. 

Innocent and physiologic (functional) murmurs are 
usually soft (grade 1/6 to 3/6), early to midsystolic, 
high-frequency murmurs. They are loudest at the aor- 
tic or pulmonic valve regions and do not radiate exten- 
sively. Such murmurs are of uncertain origin but may 
be due to increased blood flow velocity and turbulence 
in the right or left ventricular outflow tracts. The char- 
acter of the murmur often changes with body position 
and heart rate, and these murmurs typically disappear 
in early adult life. 

Physiologic (functional) murmurs are common with 
anemia, hypertension, fever, pregnancy, and hyperthy- 
roidism. It is often impossible to differentiate an inno- 
cent from a functional murmur without additional 
testing. The most common physiologic murmur is 
caused by decreased blood viscosity from moderate or 
severe anemia. When the blood hemoglobin level falls 
below 6 mg/dl, decreased viscosity and increased 
blood flow velocity produce turbulence. This tends to 
occur in dogs with a hematocrit of less than 22 to 25 
percent and in cats with a hematocrit of less than 18 
to 20 percent. Anemic murmurs are usually best heard 
over the pulmonic or aortic areas during early to mid- 
systole and are typically low-intensity and high-fre- 
quency. The murmur typically disappears when anemia 
is relieved. Diastolic murmurs have occasionally been 
associated with anemia. 

Systolic murmurs of uncertain origin are often 
heard in cats with hyperthyroidism and in a variety 
of other systemic disorders. Many of these cats have 
identifiable left ventricular hypertrophy of uncertain 


FIGURE 5-12 
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cause, These murmurs are often soft (grade 2/6 to 
3/6) and best heard on either side of the sternum 
over the 5th or 6th intercostal space. Dynamic right 
ventricular outflow tract obstruction has recently been 
identified as a common cause of some murmurs in 
cats in these circumstances.” Such obstructions are 
usually mild, are easily identified by color-flow Doppler 
echocardiography, and appear to be of little clinical 
consequence. Systemic conditions that commonly pro- 
duce murmurs (e.g., anemia, hyperthyroidism) are 
identified by laboratory testing. 


MITRAL INSUFFICIENCY 


Although this murmur is usually loudest over the 
mitral valve area and left atrium, it commonly radiates 
dorsally and to the right thorax, confounding reliable 
identification of tricuspid regurgitation. Intensity 
ranges from grade 1/6 to grade 5/6 but does not 
reliably indicate severity. Loud murmurs often reso- 
nate from small orifices when the volume of regurgita- 
tion is small. With severe disease, murmur intensity 
often declines as the atrial-ventricular pressure differ- 
ence narrows. Loud murmurs of mitral insufficiency 
are holosystolic and plateau shaped, whereas soft mur- 
murs commonly occupy only the early portion of sys- 
tole (Fig. 5-12). Regurgitant murmurs associated with 
mitral valve prolapse may not develop until mid to late 
systole. The murmur of mitral insufficiency is typically 
of mixed frequency and harsh sounding, but it may be 
high-pitched or musical (whooping) in quality. The 
pitch of the murmur often varies from examination 


ecg 


S2 


Phonocardiograms (peg) recorded from two dogs with mitral regurgitation, illustrating the highly 
variable nature of this murmur. The phonocardiogram on the left, recorded at the left cardiac apex 
of a dog with mild mitral regurgitation, shows a soft systolic murmur that decreases in intensity in 
the latter part of systole. The phonocardiogram on the right, recorded at the left cardiac apex of a 
dog with severe mitral regurgitation and pulmonary hypertension, shows a loud holosystolic murmur 
and accentuated second heart sound ($). sm, systolic murmur; ecg, electrocardiogram. Log scale 


recording. 
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to examination. In dogs with mitral insufficiency, the 
intensity of the S, is often increased. In many affected 
dogs, So is obscured by the murmur, but in some cases, 
the pulmonic component of Sə is accentuated due to 
coexisting pulmonary hypertension (Fig. 5-12). Dogs 
with severe mitral regurgitation often manifest protodi- 
astolic or presystolic gallop heart sounds. 

Mitral insufficiency results from many diseases. The 
most common cause in dogs is chronic degenerative 
valvular disease (myxomatous degeneration).'* It can 
also develop when the left ventricle and mitral annulus 
dilate and the papillary muscles are pulled out of 
alignment, as in adult dogs with dilated cardiomyopa- 
thy and puppies with certain congenital heart defects 
such as PDA. Congenital malformation of the mitral 
valve, resulting in valvular insufficiency, is one of the 
most common congenital heart defects of cats.?? Mitral 
regurgitation is common in dogs and cats with HCM 
and dynamic left ventricular outflow tract obstruction, 
as the anterior leaflet moves cranially to make contact 
with the interventricular septum in early to midsys- 
tole.** The resulting midsystolic regurgitant murmur is 
difficult to localize on the chest wall as it blends with 
or is obscured by the systolic ejection murmur. Trivial 
mitral regurgitation may be detected with colorflow 
Doppler echo in most cats with cardiomyopathies. 


TRICUSPID INSUFFICIENCY 


The systolic murmur of tricuspid valve insufficiency 
is best heard near the right 3rd to 5th intercostal 
spaces at the costochondral junction. Unfortunately, 
the murmur of mitral insufficiency radiates to that 
area as well, and these murmurs may be very difficult 
or impossible to differentiate. The intensity and dura- 
tion of murmurs arising from the tricuspid valve tend 


to vary more with respiration than do mitral murmurs. 
Isolated tricuspid insufficiency secondary to myxoma- 
tous degeneration of the valve occurs, particularly in 
cocker spaniels and Dachshunds, but this is an uncom- 
mon finding. Tricuspid regurgitation also occurs be- 
cause of congenital malformation of the tricuspid 
valve. Dilatation of the right ventricle, as occurs with 
pulmonary hypertension and cardiomyopathy, can also 
cause tricuspid valve insufficiency. 


AORTIC STENOSIS 


In dogs, acquired or congenital aortic valve stenosis 
is rare; however, subvalvular aortic stenosis (SAS) is 
one of the most common canine congenital heart de- 
fects. All these disorders are uncommon in cats. The 
murmur of valvular and subvalvular aortic stenosis is 
a systolic crescendo-decrescendo, or diamond-shaped 
murmur, heard best at the left heart base or right 
cranial thorax (Fig. 5-13). Mild obstructions cause 
soft murmurs that are difficult to distinguish from 
innocent or functional murmurs.** The intensity of 
such murmurs increases substantially following exer- 
cise, as a larger stroke volume is ejected into the aortic 
root. Unfortunately, innocent and functional murmurs 
often behave similarly. With moderate-to-severe SAS, 
the murmur grows louder and longer in duration; is 
usually harsh and of mixed frequency; and often radi- 
ates into the thoracic inlet and up the neck along the 
carotid arteries. If the murmur is sufficiently intense, 
it is accompanied by a precordial thrill. Aortic ejection 
sounds may occur with subvalvular aortic stenosis and 
may be related to poststenotic dilatation of the aorta, 
or opening of a thickened aortic valve. Color-flow 
Doppler echo studies indicate that SAS is usually asso- 
ciated with mild aortic insufficiency. In most cases, the 


FIGURE 5-13 


Phonocardiogram recorded from a 
dog with congenital subaortic 
stenosis. The systolic ejection 
murmur of aortic stenosis is 
diamond-shaped, best heard and 
recorded with the stethoscope (or 
stethophone) placed over the 
aortic valve area. ecg, 
electrocardiogram; SM, systolic 
murmur; $, first heart sound; $, 
second heart sound. Log scale 
recording. 


diastolic leak is minor and there is no audible evidence 
of a diastolic murmur. 

Dynamic left ventricular outflow tract obstruction 
occurs in dogs and cats with HCM as well as in certain 
congenital heart defects causing interventricular septal 
hypertrophy.** Such murmurs may be absent at rest 
but very loud during and following exercise. The 
mechanism is demonstrated by echocardiography, us- 
ing provocative maneuvers that increase myocardial 
contractility, decrease end-diastolic left ventricular vol- 
ume, or reduce afterload. Murmur onset and duration 
are coincident with systolic anterior motion of the 
mitral valve. Dynamic obstruction is the most common 
cause of ejection murmurs in cats with HCM. 


PULMONIC STENOSIS 


A high-frequency systolic ejection murmur, best heard 
at the left-sided heart base over the pulmonic valve, is 
characteristic. Murmur intensity and duration vary with 
the severity of the stenosis. As the pressure gradient 
between the right ventricle and pulmonary artery wid- 
ens, the murmur becomes louder and peaks later in 
systole.'*'° The murmur of pulmonic stenosis is typically 
a crescendo-decrescendo (diamond-shaped), holosys- 
tolic murmur with maximum intensity in midsystole. 
Loud murmurs may be accompanied by a precordial 
thrill palpable over the pulmonic area on the left cranial 
thorax. The murmur of pulmonic stenosis tends not to 
radiate as widely as the murmur of subaortic stenosis. 
Splitting of S may be noted on phonocardiographic 
recordings, but this is usually not heard because of the 
loud murmur. 


VENTRICULAR SEPTAL DEFECT 


The murmur caused by a restrictive ventricular sep- 
tal defect (VSD) is loud, harsh, and typically best heard 
on the right cranial thorax. The shape and quality of 
these murmurs vary tremendously, but they are often 
mid- to high-frequency holosystolic murmurs, fre- 
quently accompanied by a thrill at the point of maxi- 
mal intensity.” Murmur intensity and duration may be 
reduced if the VSD is large and pulmonary hyperten- 
sion develops. With severe pulmonary hypertension, 
the murmur is absent and the second heart sound 
is split.'° 


ATRIAL SEPTAL DEFECT 


Auscultatory findings with atrial septal defect (ASD) 
include a systolic ejection murmur loudest over the 
pulmonic area occurring in combination with fixed 
splitting of the second heart sound.” The systolic mur- 
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mur is caused by increased blood flow across a normal 
pulmonic valve. Delayed closure of the pulmonic valve 
results from a combination of hemodynamic and elec- 
trical factors. Relative to the left side of the heart, the 
right ventricle must expel an increased volume of 
blood. In addition, conduction disturbances leading to 
delayed right ventricular activation are common in 
dogs with an ASD. 


DIASTOLIC HEART MURMURS 


MITRAL STENOSIS 


Mitral stenosis (MS) is uncommon in dogs and cats, 
and auscultatory features are not well character 
ized.?” *8 In dogs, MS is usually a congenital abnormal- 
ity. Most reported cases were detected in dogs with 
concurrent subaortic stenosis. A diastolic murmur was 
heard in the left apical area in 4 of the 15 reported 
dogs.” In the same report, a left apical holosystolic 
murmur compatible with mitral insufficiency was 
heard in eight dogs. The murmur of MS is low-pitched, 
and it begins in mid-diastole. In human patients, the 
duration of the murmur correlates with the severity 
of the obstruction.” '* Presystolic accentuation of the 
murmur results when transvalvular blood flow is in- 
creased following contraction of the atrium. In the 
small number of affected animals we examined, dia- 
stolic murmurs were usually present, but they were 
often subtle and easily could be overlooked (Fig. 5- 
14). 


AORTIC INSUFFICIENCY 


In adult dogs, aortic insufficiency results most often 
from bacterial endocarditis.” It also occurs as an iso- 
lated congenital heart defect, in association with 
subaortic stenosis, or as an unwanted complication of 
a ventricular septal defect.” Insufficiency of the aortic 
valve results in a soft, blowing, decrescendo heart mur- 
mur beginning immediately after the second heart 
sound. It is frequently accompanied by a midsystolic, 
ejection type of murmur. Such murmurs are usually 
best heard over the aortic area or at the cardiac apex. 
In dogs with severe aortic regurgitation, a presystolic 
murmur, referred to as an Austin Flint murmur, may 
also be heard as the mitral valve closes prematurely, 
causing disturbed diastolic flow through the mitral 
orifice. The presence of both systolic and diastolic 
heart murmurs, which in combination have a distinct 
“to-and-fro” quality, must not be confused with the 
truly continuous murmur of an arteriovenous fistula 
or patent ductus arteriosus. 
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PULMONIC INSUFFICIENCY 


Isolated pulmonic insufficiency of sufficient magni- 
tude to produce an audible murmur is uncommon. 
Few dogs with isolated congenital pulmonic insuffi- 
ciency have been described.” The diastolic murmur of 
isolated pulmonic insufficiency begins in early diastole. 
It is soft, is decrescendo in shape, and is usually accom- 
panied by an ejection murmur also located over the 
pulmonic valve area. The murmur of pulmonic insuf- 
ficiency is sometimes detected in dogs with pulmonic 
stenosis or a patent ductus arteriosus. When pulmonic 
insufficiency develops as a consequence of pulmonary 
hypertension, the murmur is usually, louder, harsher, 
and longer in duration.*! 


CONTINUOUS MURMURS 


The characteristic murmur of a PDA is a continuous 
systolic and diastolic “machinery-like” murmur that 
is best heard over the aortic and pulmonic valve re- 
gions.'* '* The continuous murmur of a PDA waxes 
and wanes during the cardiac cycle and reaches peak 
intensity near the time of the second heart sound (Fig. 
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FIGURE 5-14 


Phonocardiogram recorded from a 
cat with mitral valve stenosis. Notice 
the presystolic accentuation of this 
mid-diastolic murmur. Diastolic 
murmurs (DM) are uncommon in 
dogs and cats. Compare the timing 
of this diastolic murmur to the 
systolic murmurs in Figures 5-14 
and 5-15. ecg, electrocardiogram; 1, 
first heart sound; 2, second heart 
sound. Log scale recording. 


5-15).!? 16 It is best heard at the left heart base but 
radiates widely in some animals. The distinctive contin- 
uous murmur occurs as blood flows from the high- 
pressure aorta to the low-pressure pulmonary artery, 
producing turbulence. Pulmonic and mitral valve in- 
sufficiency are observed in many dogs with a PDA, 
contributing to the acoustic events. 

Although detection of a continuous murmur is 
highly suggestive of a PDA, it is not a pathognomonic 
finding. Pulmonary arteriovenous fistulas produce con- 
tinuous murmurs, as do coronary arteriovenous fistu- 
las. A continuous murmur also results when a coronary 
artery or ruptured coronary sinus aneurysm communi- 
cates directly with the right atrium. All these defects 
are quite rare. The murmur of a PDA is not always 
continuous. The development of pulmonary hyperten- 
sion can cause attenuation and eventual disappearance 
of the diastolic murmur.'® 


THE ARTERIAL PULSE AND THE 
EXTREMITIES 


Examination of the extremities is performed to (1) 
detect regional or generalized perfusion deficits, (2) 


FIGURE 5-15 


Phonocardiogram (peg) recorded from a dog 
with patent ductus arteriosus. This distinctive 
continuous murmur is best heard at the left 
heart base. The peak murmur intensity 
occurs just after the T wave of the 
electrocardiogram (ecg), near the time when 
the second heart sound would be heard. Log 
scale recording. 


evaluate the patency of the peripheral veins, and (3) 
assess the integrity of regional lymphatics. The appar- 
ent pulse size and character are determined by the 
stroke volume, rate of ejection, distensibility of the 
vascular bed, the peripheral resistance, the systolic and 
diastolic pressures, and many other factors (Fig. 5-16). 
A small, weak pulse is often found in conditions with 
a small stroke volume, increased peripheral resistance, 
and narrow pulse pressure. One common cause of this 
type of pulse is left ventricular failure.*? Small or weak 
pulses with a delayed systolic peak (parvus et tardus) are 
often noted in dogs with moderate-to-severe SAS. 
When the pulse is large and strong and the contour is 
otherwise normal, it is called a bounding, or “water 
hammer,” pulse. Such pulses are commonly encoun- 
tered in animals with a PDA, peripheral A-V fistula, or 
aortic insufficiency (Corrigan’s pulse). Patients with 
mitral insufficiency or VSD often have abrupt, brisk, 
or jerky pulses because a greater than normal percent- 
age of the stroke volume is ejected in early systole. 
Various specific arterial pulse abnormalities have been 
described in humans. The normal arterial pulse con- 
tour consists of three parts—the ascending limb, peak, 
and descending limb. Anacrotic and dicrotic pulses do 
not occur or are not appreciated in dogs or cats. 
Other abnormalities such as pulsus alternans, pulsus 
bigeminus, and pulsus paradoxus can be easily identi- 
fied in dogs. 


Normal Pulses 
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Pulsus alternans is identified when the arterial pulse 
alternates between strong and weak pulses while the 
patient is in sinus rhythm.” In extreme cases, the 
alternating weak pulses become imperceptible. Pulsus 
alternans is a sign of profound myocardial depression. 
In accordance, we have detected this pulse pattern 
most often in dogs with dilated cardiomyopathy. 

Pulsus bigeminus is caused when pulse strength alter- 
nates with certain arrhythmias, most commonly ven- 
tricular bigeminy. It is easily identified since the weak 
pulse typically follows a shorter interval than the 
stronger pulse. 

Pulsus paradoxus is an inspiratory fall in systemic 
arterial pressure exceeding 10 mmHg. This is at or 
just below the level detectable by physical palpation of 
a peripheral artery. It is detected most commonly in 
dogs with pericardial effusion and cardiac tamponade. 
In this circumstance, weak pulses may disappear en- 
tirely for several beats during inspiration (chapter 29). 

Partial or complete obstruction of the peripheral 
arteries is usually due to systemic thromboembolism. 
In dogs, primary causes include bacterial endocarditis, 
hyperadrenocorticism, and certain protein-losing glo- 
merulopathies (amyloidosis). The most common cause 
of systemic thromboembolism in cats is myocardial dis- 
ease. Physical abnormalities resulting from vascular ob- 
struction include inability to palpate an arterial pulse, 
coolness of the affected extremities, muscular rigidity 


Bounding Pulses 
aortic insufficiency 


patent ductus arteriosus 


FIGURE:5-16 Weak Pulses 
Arterial pulse variations. Palpable abnormalities of noan raluro FAS RF NAAA ™—R 
the arterial pulses are common in dogs and cats 
with heart disease. The top tracing shows the 
contour of the normal femoral artery pulse; tracings 
below show how the arterial pulse changes with a 
variety of cardiovascular disorders. PVC, premature Pulsus Alternans J aAA K 
ventricular complex. myocardial failure 
tachyarrhythmias 


Bigeminal Pulses 
premature beats 


PVC PVC PVC 


Pulsus Paradoxus 
pericardial disease 
expiration 


inspiration expiration 
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and pain, and pallor or cyanosis of the footpads and 
nailbeds. Obliterative changes in the femoral arteries of 
Cavalier King Charles spaniels with mitral regurgitation 
have been described,” although the etiology is unex- 
plained. 
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PRINCIPLES OF ELECTROCARDIOGRAPHY 


The electrocardiogram (ECG) is a record of the average electrical poten- 
tial generated in the heart muscle graphed in voltage and time during the 
cardiac cycle. Intracellular and extracellular ionic gradients move across 
semipermeable membranes and result in cellular transmembrane action 
potentials. The summation or subtraction of these electric charges generated 
during the cardiac cycle results in a vector that acts as a dipole. It is measured 
by the ECG at the body surface.’ Extracardiac factors may influence the 
ECG, including body tissues with different conductive properties and body 
structure. 

Normally, each ECG segment is sequentially generated {rom a specific 
cardiac region. The P wave, QRS complex, and T wave are the recognizable 
deflections of the ECG trace and indicate atrial depolarization (P), ventricu- 
lar depolarization (QRS), and ventricular repolarization (T) (Fig. 6-1). 


HISTORICAL PERSPECTIVES 


In 1856, Kolliker and Miller? * demonstrated that the beating heart 
generates electric current. In the experiment, a frog muscle rhythmically 
twitched when in contact with a contracting ventricle. In 1887, Waller* used 
a capillary electrometer to measure current associated with cardiac electrical 
activity from the body surface. However, accurate quantitative measurements 
of cardiac electric activity awaited Einthoven’s string galvanometer in 1902.° 
Einthoven also developed the bipolar triaxial lead system and named the 
specific waveforms produced on the electrocardiogram ‘“P-QRS-T com- 
plexes.” Although his 600-lb instrument was used for research, its clinical 
application developed rapidly. Sir Thomas Lewis used Einthoven’s technol- 
ogy and expanded it in clinical cardiology. Lewis® wrote the first authoritative 
book on clinical electrocardiography in 1913. Wilson and colleagues devel- 
oped the concept of a central terminal in 1933,’ which led to the develop- 
ment of unipolar electrocardiography.? The central terminal provides an 
indifferent electrode with small potential change throughout the cardiac cy- 
cle. 

Although Waller and Einthoven had recorded canine ECGs, Norr’ was the 
first to approach electrocardiography in the dog clinically. Veterinarians 
expanded clinical and research applications for electrocardiography in the 
1950s through 1990s.'°?! 
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RECORDING THE 
ELECTROCARDIOGRAM 


The ECG is a moving record of the deflections gen- 
erated by the electrocardiograph stylus calibrated in 
voltage (vertical axis) and time (horizontal axis). Elec- 
trocardiographic electrodes (leads) sample cardiac po- 
tentials at the body surface. These are measured by 
the electrocardiograph (galvanometer) and recorded 
on standardized graph paper inscribed with l-mm 
spaced horizontal and vertical lines" (Fig. 6-2). The 
electrocardiograph can combine the electrodes on the 
body (right and left arms, left leg, and exploring elec- 
trode) into the specific combinations or leads (Table 
6-1). They include bipolar standard limb leads I, II, 
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Electrocardiographic grid lines. At the standard paper speed of 50 
mm/sec, the interval between two heavily drawn vertical lines is 
0.10 second and between two fine vertical lines, 0.02 second. At 
normal standardization, 10 mm (10 small boxes) = 1.0 mV, so 
each small vertical box = 0.1 mV. (From Tilley LP: Essentials of 
Canine and Feline Electrocardiography. 3rd ed. Philadelphia, 

Lea & Febiger, 1992, with permission.) 


FIGURE 6-1 


Electrocardiographic waveforms 
indicating depolarization and 
repolarization correlated with 
mechanical events of the cardiac 
cycle. (Copyright 1968. Novartis. 
Reprinted with permission from 
Clinical Symposia, Vol. 10/1, 
illustrated by Frank Netter, MD. 
All rights reserved.) 


diastole 


and III (Fig. 6-3), unipolar limb leads aVg, aV,, and 
aV; (Fig. 6-4), and unipolar precordial (thoracic) 
leads CV6LL (Və), CV6LU (V4), CVsRL (rV.), and Vio. 
Right lateral recumbency is the standard body posi- 
tion for ECG recording in the eupneic animal (Fig. 
6-5). Electrodes should be placed just above the olec- 
ranon and over the patellar ligaments for bipolar stan- 
dard and augmented unipolar limb leads. Alcohol or 
conducting paste is applied to the skin and electrodes. 
If tachypnea or dyspnea is evident, the ECG should be 


TABLE 6-1 
Electrocardiograph Lead Systems 


Bipolar standard limb leads 
Lead I: right arm (—) compared with left arm (+) 
Lead II: right arm (—) compared with left leg (+) 
Lead III: left arm (—) compared with left leg (+) 


Augmented unipolar limb leads 
Lead aVx: right arm (+) compared with left arm and left leg 
(-) 
Lead aV,,: left arm (+) compared with right arm and left leg (—) 
Lead aV;: left leg (+) compared with right and left arms (—) 


Special leads 
Unipolar precordial chest leads 
Lead CV;RL (rV2): fifth right intercostal space near edge of 
sternum 
Lead CV,LL (V2): sixth left intercostal space near edge of 
sternum 
Lead CV,LU (V4): sixth left intercostal space at costochondral 
junction 
Lead Vio: over dorsal spinous process of seventh thoracic 
vertebra 
Modified orthogonal lead systems 
Lead X: lead I; right (—) to left (+) 
Lead Y: lead aVr, cranial (—) to caudal (+) 
Lead Z: lead Vio; ventral (—) to dorsal (+) 


From Tilley LP. Essentials of Canine and Feline Electrocardiography. Inter- 
pretation and Management. 3rd ed. Philadelphia, Lea & Febiger, 1992. 
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FIGURE 6-3 


Bipolar standard leads I, II, and III. (From Tilley 
LP: Essentials of Canine and Feline 
Electrocardiography. 3rd ed. Philadelphia, Lea & 
Febiger, 1992, with permission.) 


LEAD I LEAD IL LEAD IIL 


FIGURE 6-4 


Augmented unipolar limb leads aVR, aVL, and 
aVF. (From Tilley LP: Essentials of Canine and 
Feline Electrocardiography. 3rd ed. Philadelphia, 
Lea & Febiger, 1992, with permission.) 


LEAD aVR LEAD aVL LEAD aVF 


FIGURE 6-5 


Right lateral recumbency position for recording the 
ECG in the eupneic animal. Proper electrode 
placement is illustrated. (From Tilley LP: Essentials of 
Canine and Feline Electrocardiography. 3rd ed. 
Philadelphia, Lea & Febiger, 1992, with permission.) 
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recorded with the animal standing or in a sternal 
position to reduce the stress of examination. Precor- 
dial chest leads may be helpful in confirming cardiac 
chamber enlargement; in emphasizing the deflections 
of the standard limb leads (e.g., it may be important 
if P waves are not clearly visible); and for confirming 
data recorded on the other limb leads. Orthogonal 
leads are oriented perpendicular to each other and 
view the heart in different planes (leads X, Y, and Z).”! 
The X lead measures the frontal plan directed from 
right to left and is approximated by lead I. The Y lead 
axis indicates a midsagittal plane oriented craniocau- 
dally and is approximated by lead aV; The Z lead 
represents the transverse plane directed ventral to dor- 
sal and is approximated by lead Vio. The orthogonal 
leads can be used to generate a vectorcardiogram (Fig. 
6-6). Orthogonal lead systems (McFee, Schmidt, and 
Frank lead systems) require utilization of multiple elec- 
trodes at precise body locations. 

Technical or mechanical problems that are superim- 
posed on and distort the normal P-QRS-T complexes 
are known as artifact. For accurate ECG interpretation, 
it is essential to recognize artifact and eliminate the 
source. Electric 60-cycle “noise” may be due to poor 
electric grounding (of the electrocardiograph, the ani- 
mal, or table on which the animal is positioned), or 
adjacent lights, or electrical equipment. It is recog- 
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Vectorcardiogram recorded from a dog with right ventricular 
hypertrophy caused by heartworm disease. Initial ventricular forces 
are prolonged and oriented toward the right (0.014 second). 
Scalar time lines—0.1 second; teardrops—0.002 second. (From 
Ettinger SJ, Suter PF: Canine Cardiology. Philadelphia, WB 
Saunders, 1970, with permission.) 


nized on the ECG tracing as a regular sequence of 
fine, sharp, vertical oscillations. The placement of a 
hand on the animal’s thorax or blowing into the ani- 
mal’s face may aid in minimizing muscular tremor and 
respiratory motion. Artifact may also be reduced by 
positioning the electrode clips correctly, using appro- 
priate conductive gel, and preventing the electrodes 
or wires from moving during respiration. 


VECTORCARDIOGRAPHY 


The vectorcardiogram is another method of re- 
cording electric potentials generated from the cardiac 
cycle (Fig. 6-6). Using a cathode ray oscilloscope, it 
may be projected in the frontal, horizontal, and sagittal 
planes. In contrast to an ECG lead that records instan- 
taneous vectors (i.e., electric potentials) in a single 
axis, the vectorcardiogram records electric events si- 
multaneously in two perpendicular axes as a loop re- 
cording.” '® 24? Vectorcardiography is useful in teach- 
ing and research” but is rarely performed in clinical 
practice. 


ELECTROPHYSIOLOGIC 
PRINCIPLES 


TRANSMEMBRANE ACTION 
POTENTIALS 


A myocardial cell transmembrane action potential 
may be divided into four recognizable phases! **?’ 
(Fig. 6-7). A negative resting potential, termed phase 
4, is characterized by an intracellular-to-extracellular 
electrochemical gradient of approximately —90 mV. 
The rapid action potential upstroke, or phase 0, repre- 
sents cellular depolarization due to rapid movement of 
extracellular-to-intracellular sodium ions through fast 
sodium channels. Phase 1 is termed the overshoot and 
is caused by excessive sodium ion entry into the cells. 
As sodium influx stops, the membrane potential drops 
toward 0 mV. The slow calcium ion channels permit 
extracellular-to-intracellular calcium flow causing the 
plateau, or phase 2 of the action potential. During the 
plateau phase, the cardiac cell cannot be stimulated 
(refractory period). This allows for coordination between 
cellular electrical and mechanical functions. At the 
end of the plateau, the slow intracellular calcium chan- 
nels close, potassium flow out of the cell persists, and 
intracellular negativity, or phase 3, is re-established 
(termed “repolarization”’). The cell at the resting po- 
tential can then be activated by an electrical or chemi- 
cal stimulus and is said to be excitable (chapter 16). 

Although transmembrane action potentials of atrial 
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Phases and ionic gradients of the cardiac cell transmembrane 
action potential. (From Lipman BS, Dunn M, Massie E: Clinical 
Electrocardiography. 7th ed. Chicago, Year Book Medical 
Publishers, 1984, with permission.) 


and ventricular fibers are similar, they differ from pace- 
maker cell transmembrane potentials (see Figs. 16-1, 
16-2). Pacemaker cells possess automaticity character- 
ized by a low resting membrane potential; slow activa- 
tion during phase 0; short action potential duration; 
no overshoot; and spontaneous depolarization during 
phase 4 until the threshold potential is reached. Auto- 
maticity is the capability of a cell to depolarize sponta- 
neously, reach threshold potential, and initiate an ac- 
tion potential.' ° Pacemaker cells have a slower 
upstroke and lower amplitude than myocardial cells. 
Conductivity is the ability of a cell’s action potential to 
produce electric current that stimulates adjacent cell 
membranes to their threshold potential and to depo- 
larize. . 

Other cardiac tissues, including cells in the atria, 
mitral and tricuspid valves, distal atrioventricular (AV) 
nodal and AV junctional tissues, and the His-Purkinje 
system, are capable of automaticity. Normally, these 
latent pacemaker cells reach threshold later than do 
sinus node cells and thus are discharged before they 
automatically depolarize. Properties of automaticity, 
excitability, conductivity, and refractoriness are im- 
portant in arrhythmia genesis and therapy. 


THE SURFACE ELECTROCARDIOGRAM 


Abnormalities in cellular depolarization result in 
QRS complex alterations. Disturbances in repolariza- 
tion are reflected by changes in the ST segment or T 
wave. These relationships between cellular changes 
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and surface ECG waveforms are described next and 
may be related to cardiac or extracardiac disorders. 

The ECG waveforms are scalar records of cardiac 
electrical potentials as projected at the body surface." 
23,24 A scalar quantity has magnitude and sense (i.e., 
positive or negative), but no direction. A vector quan- 
tity has magnitude, sense, and direction. It may be the 
result of two or more scalar forces (e.g., two ECG 
leads) or multiple vector forces. The surface ECG is a 
recording of the mathematical summation of electric 
activity from all individual myocytes. This electric activ- 
ity is modified by the spatial relationships of each 
myocyte to each other, the time sequence of activation 
of the cardiac cells (i-e., they do not all depolarize 
simultaneously), and the characteristics of the body as 
an electric field.” * For example, the first and last 
ventricular myocardial cells that are stimulated depo- 
larize asynchronously. A difference in electric potential 
occurs during this depolarization period that results in 
the QRS complex. 


EQUIVALENT DIPOLE THEORY 


A review of the dipole hypothesis can provide a 
theoretic basis for clinical ECG interpretation. A single 
pair of equal and opposite charges that are in close 
proximity to each other constitute an electrical genera- 
tor, termed a dipole. If the dipole is immersed in a 
conducting medium (e.g., body fluids), the dipole will 
generate an electric field throughout the conducting 
medium.” ***7 The electric potential measured at any 
position in the electric field depends on the position 
of the recording electrode with respect to the positive 
and negative charges of the dipole. If any two points 
(electrodes) with a different potential in the electric 
field are connected by a superior electric conductor 
(e.g., the ECG lead wires), the potential difference 
between the electrodes will result in a flow of current 
through the wires. This electromotive force, or voltage, 
is the quantity measured by the surface ECG, 

Numerous surface dipoles are formed by the individ- 
ual myocardial cells and muscle bundles, and they 
move during the depolarization-repolarization process 
(Fig. 6-8). They create an electric field in the sur- 
rounding body tissues and can be represented by vec- 
tors that point toward the positive charge. 

Dipoles differ in orientation and polarity because of 
their varied spatial relationships in the multidimen- 
sional heart. At any given instant during ventricular 
depolarization or repolarization, all the dipoles can be 
integrated and a resultant dipole or vector recorded 
by the electrocardiograph. 

This equivalent dipole theory assumes that electric 
potentials at the body surface can be represented at 
any instant by a single resultant dipole vector.** Al 
though oversimplified, this concept is applicable to the 
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FIGURE 6-8 


The electric potential of the heart can be determined at an 
external point and resolved into a single electric force or vector 
that acts as a dipole. One half of the dipole or electric field is 
positive, and the opposite half is negative. When electrodes are 
attached to the skin on the legs, cardiac electric activity can be 
recorded by an electrocardiograph. (From Tilley LP: Essentials of 
Canine and Feline Electrocardiography. 3rd ed. Philadelphia, 
Lea & Febiger, 1992, with permission.) 


surface ECG. The resultant force registered in any 
given bipolar lead is in direct proportion to the projec- 
tion of the instantaneous vector on the axis of the lead 
and is inversely proportional to the cube of the dis- 
tance between the dipole and each of the lead elec- 
trodes. This vector concept was used by Einthoven to 
determine the mean electric axis of the extremity leads 
(1, Il, I). 

The dipole theory has been criticized because heart 
muscle is anisotropic (i.e., does not conduct homoge- 
neously in all directions). More accurate analyses of 
body surface potentials utilize the electric field pro- 
duced from epicardial potentials. Maps describing po- 
tential distribution of the body surface (isopotential 
lines) can be constructed** but are not generally used 
in clinical veterinary settings. 


TRANSCRIPTION OF THE 
ELECTROCARDIOGRAM 


Normally, atrial and ventricular contractions are pre- 
ceded by electric activity that initiates myocyte excita- 
tion-contraction coupling’ (Fig. 6-9). The cardiac im- 
pulse originates in the pacemaking cells of the sinus 


node located at the junction of the cranial vena cava 
and right atrium. A depolarization (activation) wave 
spreads through specialized internodal tracts to acti- 
vate first the right and then the left atrium. The car- 
diac impulse then slows dramatically while traversing 
the specialized conduction tissue of the AV node and 
AV junctional tissue. This delay facilitates more effec- 
tive synchronized atrial and ventricular contractions. 
When the impulse emerges from the AV junctional 
tissue, its velocity increases through the bundle of 
His, right bundle branch, common left bundle branch, 
anterior and posterior fascicles of the common left 
bundle branch, and Purkinje network. The cardiac 
impulse emerges from the Purkinje network and then 
spreads by cell-to-cell conduction through ventricular 
myocytes.” ?7 

The P wave reflects atrial depolarization and pre- 
cedes the QRS complex. The Q wave is the first nega- 
tive wave in the ventricular depolarization complex. 
The R wave is the first positive wave, and the S wave is 
the first negative wave following the R wave. Collec- 
tively, these waves are called the QRS complex. Ventric- 
ular recovery (repolarization) is represented by the 
T wave.” 


APPROACH TO 
ELECTROCARDIOGRAPHY 


CLINICAL INDICATIONS 


Electrocardiography is clinically useful (1) to diag- 
nose cardiac arrhythmias, (2) as an adjunct to detect 
cardiac enlargement (dilation or hypertrophy), and 
(3) to indicate certain electrolyte, acid-base, systemic, 
or metabolic disorders*® °L 8 (Table 6-2). 


THE ECG AS PART OF THE CARDIAC 
DATA BASE 


Effective management of arrhythmias (chapters 18 
to 20), heart failure (chapter 12), and a variety of 
systemic and metabolic disorders (chapters 33, 34) 
requires accurate ECG assessment.”! * 

Cardiac lesions do not always cause or correlate with 
ECG abnormalities. The electrocardiograph may be 
normal even in the face of advanced cardiovascular 
disease or heart failure.” Other factors may obscure 
ECG evidence of cardiac chamber enlargement, such 
as body conformation or the dampening effects of 
pericardial or pleural effusion or obesity. Moreover, 
a morphologically normal heart may develop lethal 
arrhythmias in a variety of disorders (chapter 33). 

The ECG may be useful in evaluating animals with 


FIGURE 6-9 


Sequence of electrical impulse conduction 
and cardiac chamber activation as it relates 
to the electrocardiogram. (From Tilley LP: 
Essentials of Canine and Feline 
Electrocardiography. 3rd ed. Philadelphia, 
Lea & Febiger, 1992, with permission.) 


metabolic diseases such as endocrinopathies (e.g., 
hypoadrenocorticism, thyrotoxicosis, pheochromocy- 
toma) or systemic disorders (e.g., shock, neoplasia) .?! * 
Severe electrolyte disorders, acid-base disturbances, or 
metabolic changes may affect myocyte electrochemical 
gradients, altering depolarization or repolarization 
with associated ECG abnormalities. Electrocardio- 
graphic alterations in such cases may reflect systemic 
and not organic heart disease. Thus, it is essential to 
correlate the ECG with other diagnostic tests. 

An ECG is an essential diagnostic step in evaluating 
heart disease and is required to help individualize 
therapy. No animal should be given cardiac medication 


TABLE 6-2 
Clinical Indications for Electrocardiography 


Arrhythmias 

Cardiac monitoring (anesthesia; critical care) 
Pacemaker dysfunction 

Heart chamber enlargement 

Drug effects or toxicities 

Myocardial disease 

Congenital heart disease 

Acquired valvular heart disease 
Pericardial disease 

Heart failure 

Endocrine disorders (e.g., thyrotoxicosis) 
Electrolyte imbalance (potassium, calcium) 
Acid-base abnormalities 

Shock 

Dyspnea 

Syncope or seizures 

Heart murmurs 

Gallop rhythms 

Cyanosis 

Geriatric or presurgical workup 

Systemic diseases 


Positive 
electrode 
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before evaluation of an ECG. However, the ECG has limita- 
tions and is only a laboratory test that must be interpreted in 
conjunction with the entire data base (i.e., history, physical 
examination, radiographs, clinical pathology profile, 
and echocardiogram) .* 


LIMITATIONS OF THE 
ELECTROCARDIOGRAM 


The major shortcoming of the ECG is its lack of 
sensitivity for inferring cardiac chamber enlargement 
or hypertrophy by changes in the P-QRS-T voltage. In 
veterinary medicine this problem is complicated by 
commercial electrocardiographs themselves. These in- 
struments are designed with internal electrical filters 
intended to prevent artifacts (electrical “noise”) from 
contaminating the desired ECG signal based upon the 
spectrum of frequencies according to human specifi- 
cations. The feline ECG, for example, has substantial 
frequency components at or above 150 Hz in contrast 
to humans, in whom most of the ECG signal occurs at 
less than 100 Hz. Commercial electrocardiographs are 
manufactured to attenuate signals of less than 100 Hz 
minimally and attenuate signals above 100 Hz maxi- 
mally. Thus, they significantly attenuate P-QRS-T am- 
plitudes of the feline ECG.** These effects have not 
been widely investigated in other species. 


ANALYZING THE 
ELECTROCARDIOGRAM 


A methodical interpretive approach to the ECG is 
mandatory to avoid overlooking vital information. The 
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initial evaluation involves assessing heart rate, rhythm, 
and mean electrical axis.” 


CALCULATING HEART RATE 


Heart rate should be determined from the lead II 
rhythm strip. Both atrial and ventricular rates are cal- 
culated since they may vary in some arrhythmias. 
When the basic rhythm is irregular, the ventricular rate 
can be estimated by counting the number of cycles 
(R-R intervals) within 3 seconds and multiplying by 20. 
When the rhythm is regular, heart rate may be calcu- 
lated as follows: 


1. At a paper speed of 50 mm/sec, the width of one 
small calibration box represents 0.02 sec (see Fig. 
6-2). Therefore, the number of small boxes equal- 
ing 1 minute is determined by dividing 0.02 sec 
into 60 seconds, or 3000. Thus, heart rate/minute 
may be calculated by dividing the number of small 
boxes within one R-R interval into 3000. At a paper 
speed of 25 mm/sec, one small calibration box 
equals 0.04 sec, and heart rate is calculated by divid- 
ing the number of small boxes within one R-R 
interval into 1500. 

2. A large calibration box comprises five small boxes. 
At a paper speed of 50 mm/sec (see Fig. 6-2), it is 
equal to 0.02 sec times 5, or 0.1 sec; at a paper 
speed of 25 mm/sec, it equals 0.2 sec. Thus, the 
number of large boxes equaling 1 minute is deter- 
mined by dividing 0.1 sec into 60 seconds, or 600. 
Therefore, the number of large boxes within one 
R-R interval divided into 600 gives the heart rate 
per minute at 50 mm/sec paper speed. At 25 mm/ 
sec paper speed, heart rate is calculated by dividing 
the number of large boxes within one R-R interval 
into 300. 


INTERPRETING CARDIAC RHYTHM 


After calculating heart rate, the heart rhythm should 
then be evaluated. Calipers are helpful for making 
interval measurements. All recorded leads must be 
examined for arrhythmias. Rhythm evaluation may 
proceed as follows:® 2! 2” 


1. General inspection will show whether the tracing 
shows characteristics of an arrhythmia or represents 
normal sinus rhythm. If an arrhythmia is observed, 
one must determine whether it is occasional, fre- 
quent, repetitive, regular, or irregular. 

2. Identification of P waves plays a crucial role in 
rhythm evaluation. It is important to determine 
whether the P waves are uniform, multiform, regu- 
lar, irregular, associated with the QRS complex, or 
absent. 


3. Recognition of QRS complexes and evaluating their 
configuration, uniformity, and regularity should 
then be performed. 

4. Analysis of the P-QRS relationship is the final step. 
Recognition of P waves is crucial in determining 
this relationship. Doubling the ECG sensitivity may 
be helpful to magnify P waves. Precordial chest or 
esophageal leads may demonstrate P waves that are 
unrecognizable in other leads. Following calcula- 
tion of heart rate and analysis of rhythm, all ampli- 
tudes, durations, and P-QRS-T intervals are deter- 
mined from the lead II rhythm strip. 


MEASURING THE P-QRS-T COMPLEX 


Normal canine and feline ECG values are listed in 
Table 6-3.”! Duration of the P wave is measured from 
its beginning to the end; amplitude is measured from 
the isoelectric base line to the maximum height of the 
P wave. The P-R interval is measured from the begin- 
ning of the P wave to the beginning of the QRS com- 
plex. QRS complex duration is measured from the 
beginning of the Q wave (if present) or R wave (if no 
Q wave) to the end of the S wave (if present) or to 
where the R wave deflection crosses the baseline. The 
QRS amplitude represents the sum of excursions from 
the positive R wave and negative S wave. Amplitudes 
of the Q, R, and S waves are measured from the base- 
line to the point of their maximal excursion. The S-T 
interval is the segment between the end of the QRS 
complex and beginning of the T wave. The Q-T inter- 
val represents the distance between the beginning of 
the Q wave and end of the T wave. Normal canine and 
feline ECGs are illustrated in Figures 6-10 and 6-11. 


MEAN ELECTRICAL AXIS 


Einthoven introduced the equilateral triangle con- 
cept to help analyze the ECG (Fig. 6-12). Based on 
three limbs forming the apexes of an equilateral trian- 
gle with the heart situated in the center, the sides of 
the triangle are analogous to standard limb leads (I, 
II, and II). During ventricular depolarization-repolar- 
ization, many dipoles contribute to the electric field 
and may be represented by a single dipole or vector at 
any given instant. The mean electrical axis is the aver- 
age of all vectors that can be projected onto Eintho- 
ven’s triangle. By transposing the three sides of the 
triangle so that their centers are superimposed on one 
another (Fig. 6-13), the triaxial reference system is 
formed. Adding the unipolar limb lead axes to the 
triaxial system forms the hexaxial lead system.?! ** 

The mean electrical axis (MEA) refers to the average 
direction of the electrical potential generated by the 
heart during the entire cardiac cycle. It is useful for 


TABLE 6-3 
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Normal Values for the Canine and Feline Electrocardiogram 


Rate 
Dog 


70 to 160 beats / min for adult dogs 
60 to 140 beats / min for giant breeds 
Up to 180 beats / min for toy breeds 
Up to 220 beats / min for puppies 
Cat 


Range: 120 to 240 beats / min 
Mean: 197 beats / min 


Rhythm 
Dog 


Normal sinus rhythm 
Sinus arrhythmia 
Wandering SA pacemaker 


Cat 


Normal sinus rhythm 
Sinus tachycardia (physiologic reaction to excitement) 


Measurements (lead II, 50 mm/sec, 1 cm = 1 mV) 
Dog 


P wave 
Width: maximum, 0.04 second 
maximum, 0.05 second in giant breeds 
Height: maximum, 0.4 mV 
P-R interval 
Width: 0.06 to 0.13 second 
QRS complex 
Width: maximum, 0.05 second in small breeds 
maximum, 0.06 second in large breeds 
Height of R wave*: maximum, 3.0 mV in large breeds 
maximum, 2.5 mV in small breeds 
S-T segment 
No depression: not more than 0.2 mV 
No elevation: not more than 0.15 mV 
T wave 
Can be positive, negative, or biphasic 
Not greater than one fourth amplitude of R wave 
Q-T interval 
Width: 0.15 to 0.25 second at normal heart rate; varies with 
heart rate (faster rates have shorter Q-T intervals and vice 
versa) 


Measurements (Continued) 
Cat 


P wave 
Width: maximum, 0.04 second 
Height: maximum, 0.2 mV 
P-R interval 
Width: 0.05 to 0.09 second 
QRS complex 
Width: maximum, 0.04 second 
Height of R wave: maximum, 0.9 mV 
S-T segment 
No marked depression or elevation 
T wave 
Can be positive, negative, or biphasic—most often positive 
Maximum amplitude: 0.3 mV 
Q-T interval 
Width: 0.12 to 0.18 second at normal heart rate (range, 0.07 
to 0.20 second); varies with heart rate (faster rates, 
shorter Q-T intervals; and vice versa) 


Mean Electrical Axis (frontal plane) 
Dog 
+40 to +100 degrees 
Cat 
0 to +160 degrees 
Precordial Chest Leads (values of special importance) 
Dog 
CV;RL (rV2): T wave positive, R wave not greater than 3 mV 
CV,LL (V2): S wave not greater than 0.8 mV, R wave not greater 
than 3.0 mV* 
CV.LU (V4): S waves not greater than 0.7 mV, R wave not 
greater than 3.0 mV* 


Vio: negative QRS complex, T wave negative except in 
Chihuahua ; 


Cat 


CV,,LL (V2): R wave not greater than 1.0 mV 
CV,LU (V4): R wave not greater than 1.0 mV 
Vio: T wave negative; R/Q not greater than 1.0 


*Not valid for thin, deep-chested dogs under 2 years of age. 


From Tilley LP. Essentials of Canine and Feline Electrocardiography. Interpretation and Management. 3rd ed. Philadelphia, Lea & Febiger, 1992. 
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Normal canine electrocardiogram illustrating the bipolar standard leads (I, II, IN), augmented 
unipolar limb leads (aVR, aVL, aVF), and unipolar precordial chest leads (CV;RL, CV6LL, CV;LU, 
and Vio). Mean electrical axis, +60 degrees. (From Tilley LP: Essentials of Canine and Feline 
Electrocardiography. 3rd ed. Philadelphia, Lea & Febiger, 1992, with permission.) 
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FIGURE 6-11 


Normal feline electrocardiogram illustrating the bipolar standard leads (1, I, III), the augmented 
unipolar limb leads (aVR, aVL, aVF), and the unipolar precordial chest leads (CV;RL, CV,LL, 
CV,LU, and Vio). Mean electrical axis, +90 degrees (isoelectric lead is I). Note the small amplitude 
voltages, which are normal in the cat. (From Tilley LP: Essentials of Canine and Feline 
Electrocardiography. 3rd ed. Philadelphia, Lea & Febiger, 1992, with permission.) 


suggesting chamber enlargement or intraventricular 
conduction defects. The MEA may be applied to atrial 
depolarization (P wave) or ventricular repolarization 
(T wave). Traditionally, it has been applied to ventricu- 
lar depolarization (QRS complex). Using the six limb 
leads and the hexaxial reference system, the MEA in 
the frontal plane can be calculated. In the normal 
canine heart, the axis lies between +40 and +100 
degrees. In the normal feline heart, the axis lies be- 
tween 0 and +160 degrees.” 

There are several methods of determining the MEA. 
(1) The most accurate (and most time-consuming) 
involves measuring the net amplitudes in lead I and 
lead III and plotting these vectors on the triaxial refer- 
ence system (marked off from the zero point). Perpen- 


{ 


FIGURE 6-12 


(A) The equilateral triangle of Einthoven, formed by leads 1, II, 
and II. (B) The triaxial lead reference system is produced by 
transposing the three sides of the triangle (leads I, II, HI) to a 
common central point of zero potential. This triaxial lead system is 
used to formulate the hexaxial lead system. (From Tilley LP: 
Essentials of Canine and Feline Electrocardiography. 3rd ed. 
Philadelphia, Lea & Febiger, 1992, with permission.) 


dicular lines are then drawn from these points to their 
intersection. A line drawn from the center of the axial 
reference system to this intersection represents the 
angle (in degrees) of the QRS axis. (2) Simpler (and 
less accurate), examine all standard and augmented 
limb leads and identify the one that is isoelectric (i.e., 
the algebraic sum of the QRS deflections is zero). The 
MEA is directed approximately perpendicular to this 
isoelectric lead toward its net (positive or negative) 
value. 


FIGURE 6-13 


The hexaxial lead system in Figure 6-12 can be enclosed in a 
circle and used to determine direction and magnitude of the 
cardiac electrical axis. The positive pole of each lead is indicated 
by a small circle. (From Tilley LP: Essentials of Canine and Feline 
Electrocardiography. 3rd ed. Philadelphia, Lea & Febiger, 1992, 
with permission.) 


THE ABNORMAL 
ELECTROCARDIOGRAM 


The first and most important step in ECG interpreta- 
tion is differentiating between normal and abnormal 
waveforms." ®7. 2% One then assesses the various abnor- 
mal ECG patterns and correlates them with known 
structural, physiologic, and hemodynamic conditions. 
When cardiomegaly is suggested by ECG abnormali- 
ties, thoracic radiography, echocardiography, or occa- 
sionally angiocardiography may be used for confirma- 
tion and further assessment. A simple checklist for 
ECG evaluation (Table 6-4) and cardiac arrhythmia 
classification (Table 6-5) may be instructive. 

All ECGs depicted here are recorded from lead I 
recorded at a paper speed of 50 mm/sec with amplitude 
measured at 1 cm = 1 mV, unless otherwise noted. 


ATRIAL AND VENTRICULAR 
ENLARGEMENT 


LIMITATIONS OF ELECTROCARDIOGRAPHY 


There is some breed variation in the duration and 
voltage of P waves and QRS complexes. Often, P waves 
and QRS complexes may be wider in giant canine 
breeds than mean values published for dogs in general. 
Less variation occurs in cats. 

The ECG voltage criteria used to infer cardiomegaly 


TABLE 6-4 
Evaluation of the ECG for Arrhythmias—A Checklist 


1. Are P waves present? If not, is there other evidence of atrial 
activity (flutter or fibrillatory waves)? 

2. What is the relationship between atrial activity and QRS 
complexes? . 

a. What are the atrial and ventricular rates? 

. Is a P wave related to each QRS complex? 

. Does a P wave precede or follow the QRS complex? 

. Is the P-R or R-R interval constant? 
e. Are the P-R and R-R intervals regular or irregular? 

3. Are the P waves and QRS complexes normal and of similar 
morphology? 

4. Are the QRS complexes wide (greater than 0.05 sec) or normal? 

5. Is the ventricular rhythm regular or irregular? 

6. Are durations and amplitudes of P, P-R, QRS, and Q-T intervals 
normal? 

7. Are there pauses or premature complexes that require 
explanation? 

8. What is the significance of the arrhythmias in context with the 
clinical setting? 
a. Is a danger posed by the arrhythmia? 
b. Should attempts be made directly to terminate the 

arrhythmia? 
c. Can an underlying disorder be corrected, thereby abolishing 
the arrhythmia? 


ano 


From Fox PR, Kaplan P, Feline arrhythmias. /n Bonagura JD (ed). Contem- 
porary Issues in Small Animal Medicine. Vol 7. Cardiology. New York, 
Churchill Livingstone, 1987, p 251. 
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TABLE 6-5 
Classification of Cardiac Arrhythmias 


Normal sinus impulse formation 
Normal sinus rhythm 
Sinus arrhythmia 
Wandering sinus pacemaker 


Disturbances of sinus impulse formation 
Sinus arrest 
Sinus bradycardia 
Sinus tachycardia 


Disturbances of supraventricular impulse formation 
Atrial premature complexes 
Atrial tachycardia 
Atrial flutter 
Atrial fibrillation 
Atrioventricular junctional rhythm 


Disturbances of ventricular impulse formation 
Ventricular premature complexes 
Ventricular tachycardia 
Ventricular asystole 
Ventricular fibrillation 


Disturbances of impulse conduction 
Sinoatrial block 
Persistent atrial standstill (‘‘silent’’ atrium) 
Atrial standstill (hyperkalemia) 
Ventricular pre-excitation 
First-degree AV block 
Second-degree AV block 
Complete AV block (third-degree) 
Bundle branch blocks 


Disturbances of both impulse formation and impulse conduction 
Sick sinus syndrome 
Ventricular pre-excitation and the Wolff-Parkinson-White (WPW) 
syndrome 
Atrial premature complexes with aberrant ventricular conduction 


Escape rhythms 
Junctional excape rhythms 
Ventricular escape rhythms (idioventricular rhythm) 


have inherent limitations. For example, limb lead and 
especially precordial lead voltages are influenced by 
the distance between the electrodes and the heart. 
Also, voltage criteria may not be as valid for young, 
emaciated, or narrow-chested animals. Lastly, condi- 
tions such as pericardial and thoracic effusions, pneu- 
mothorax, obesity, and even the type of commercial 
electrocardiograph used may reduce the amplitude of 
QRS deflections recorded at the body surface. 


RIGHT ATRIAL ENLARGEMENT 
(Fig. 6-14; see also Fig. 6-16) 


The P wave is increased in both amplitude and 
duration. Causes include chronic respiratory disease 
(e.g., chronic bronchitis; collapsed trachea in the 
dog); certain congenital heart defects (e.g., tricuspid 
valve dysplasia or stenosis); right ventricular volume 
overload (e.g., tricuspid regurgitation); and cardiomy- 
opathies. 


ECG Characteristics 


l. P-wave amplitude is greater than 0.4 mV in the dog 
(> 0.2 mV in the cat). 
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(A) Biatrial enlargement in a small-breed dog with a collapsed 
trachea and compensated mitral regurgitation. The P wave is 0.6 
mV tall (P pulmonale) and 0.05 sec wide (P mitrale). (B) Left 
atrial enlargement in a geriatric small-breed dog with chronic 
acquired valvular disease (mitral insufficiency). P waves are wide 
(0.075 second), notched, and equivocally tall. 


2. P-wave contour is usually tall, slender, and peaked, 
especially in chronic pulmonary disease (called P 
pulmonale). 

3. A slight baseline depression following the P wave is 
sometimes present; representing atrial repolariza- 
tion. This T, wave can also occur with very rapid 
heart rates. 


LEFT ATRIAL ENLARGEMENT 
(Fig. 6-14; see also Fig. 6-37) 


Causes include left-sided volume overloads from ac- 
quired lesions (e.g., canine chronic acquired valvular 
disease causing mitral regurgitation), or congenital 
heart defects (e.g., mitral valvular malformations, espe- 
cially in cats; patent ductus arteriosus; large ventricular 
septal defect or common atrioventricular canal, espe- 
cially in cats). Myocardial diseases (especially restrictive 
and hypertrophic cardiomyopathy in cats and dilated 
cardiomyopathy in dogs) usually cause atrial enlarge- 
ment. Left atrial enlargement may also result from 
other lesions, such as mitral valve stenosis. 


ECG Characteristics 


l. P waves are increased in duration (called P mitrale): 
CANINE—>0.04 second (> 0.05 sec in giant 
breeds); 
FELINE —>0.04 second (some investigators use 
a cut-off of 0.035 sec). 

2. P wave is often notched (best visualized in lead II) 
from superimposition of asynchronous right and 
left atrial conduction. However, P-wave notching by 
itself is not abnormal unless the P wave is exces- 
sively wide. 


BIATRIAL ENLARGEMENT 
(Fig. 6-144) 


Causes include mitral and tricuspid valvular insuffi- 
ciency, cardiomyopathies, and various congenital heart 
defects, especially those that occur in combinations. 
These changes could also occur in right atrial enlarge- 
ment with an intra-atrial defect or as an interatrial 
conduction defect in the left atria. 


ECG Characteristics 


1. P wave is both taller (> 0.4 mV in dogs; > 0.2 mV 
in cats) and wider (> 0.04 sec in dogs; > 0.05 sec 
in giant breeds) and cats (> 0.035 to 0.04 sec). 

2. P-wave notching or slurring is often present. 


RIGHT VENTRICULAR ENLARGEMENT 
(Fig. 6-15; see also Fig. 24-6) 


Because the ECG does not usually distinguish be- 
tween ventricular hypertrophy and dilation, the term 
“enlargement” is preferred. Furthermore, the ECG is 
a relatively insensitive indicator of right ventricular 
enlargement. Because of left ventricular dominance 
during ventricular depolarization, the right ventricle 
must be markedly enlarged to cause ECG changes. 
Associated conditions include right-sided pressure 
overloads caused by certain congenital or acquired 
diseases including pulmonic stenosis; tetralogy of Fal- 
lot; reverse (right to left) shunting in patent ductus 
arteriosus or septal defect; acquired diseases, including 
heartworm disease; pulmonary hypertension or embo- 
lism; right-sided volume overloads such as tricuspid 
regurgitation; and, occasionally, severe, chronic pul- 
monary disease (cor pulmonale) or cardiomyopathies. 


ECG Characteristics 


CANINE—When any three of the following features 
are present, right ventricular enlargement is generally 
diagnosed: 


1. S wave in lead CV,LL greater than 0.8 mV. 


ELECTROCARDIOGRAPHY 79 


CVeLU Vio 
REHE | 


FIGURE 6-15 


pen HH HH H 
EH i fi; EHE HPEH HE H ne Site ee ite 
H HH HH pren PEE HHH t H 
f E E mii HHH H HE H 
Hi HEHE, He flees : peat ain H 
HHE F H H N zeke 
j + 7 + d A] 
f i i H E i F EE d AEH h H 
HHH ; Ha ; i EHEH i 
i : : i i E H HI pii 
TE i i 7 i Foo 
H HH H i 4 fate FHE gE i i eet 
4 t HHH p H E HTH a HEHH TH 
HHH HH E H H aa l HH HHHH H + H 
E i F i l i 


S 


Severe right ventricular enlargement in a dog with pulmonic stenosis. There is a right axis deviation 
of approximately — 110 degrees. Note the deep S waves in leads I, II, III, aVF, and CV,LU. The T 
wave is positive in Vy. (From Tilley LP: Essentials of Canine and Feline Electrocardiography. 3rd ed. 
Philadelphia, Lea & Febiger, 1992, with permission.) 


Nn 


. Mean electrical axis of the QRS complex in the 
frontal plane: + 103 degrees and clockwise. 

. S wave in lead CV4LU greater than 0.7 mV. 

. S wave in lead I greater than 0.05 mV. 

. R/S ratio in CV,LU less than 0.87 mV. 

. S wave in lead II greater than 0.35 mV. 

. S waves present in leads I, II, III, and aVp 

. Positive T wave in lead Vi) (except in the Chihua- 
hua breed). 

. Wshaped QRS complex in lead Vio. 


o NDA 09 


wo 


FELINE—ECG criteria for right ventricular enlarge- 
ment are not well established. Right bundle branch 
block is difficult to differentiate from right ventricular 
enlargement. Radiographic or echocardiographic ab- 
sence of right ventricular enlargement supports the 
ECG diagnosis of a conduction defect. Severe right 
ventricular enlargement produces some of the same 
ECG features described for the dog. 


ECG Characteristics 


1. S waves in leads I, II, II, and aV; (usually 0.5 mV 
or greater). 

2. Mean electrical QRS axis in the frontal plane 
greater than + 160 degrees and clockwise, especially 
when comparing serial ECGs. 

3. Large S waves in leads CV;LL and CV¿LU (usually 
> 0.7 mV). 

4. Positive T wave in lead Vj. 

5. Right atrial enlargement (tall P waves). 


LEFT VENTRICULAR ENLARGEMENT 
(Fig. 6-16; see also Figs. 6-39, 34-2, and 34-3) 


ECG criteria for left ventricular (LV) enlargement 
may represent LV dilation and/or hypertrophy. The 
main factor determining ECG voltage is overall muscle 


mass, not ventricular wall thickness. With LV pressure 
overload, increased wall thickness occurs in the ab- 
sence of chamber enlargement (concentric hypertro- 
phy). With volume overload, both wall thickness and 
cavity size increase (eccentric hypertrophy). ECG volt- 
age changes are generally greater in animals with vol- 
ume overload than with pressure overload. Several 
ECG changes are possible as a result of increased 
muscle mass: (1) increased R-wave height, (2) pro- 
longed QRS complex duration, (3) depressed S-T seg- 
ment, (4) altered T-wave morphology, and (5) left 
shift of the mean electrical axis in the frontal plane. 
Prolongation of the QRS complexes occurs only with 
severe left ventricular enlargement. An abnormal left 
axis deviation is not diagnostic by itself for left ventric- 
ular enlargement. 

Causes of left ventricular enlargement include vol- 
ume overloads (e.g., mitral or aortic valvular regurgita- 
tion, left-to-right shunting from patent ductus arterio- 
sus or atrioventricular fistula); high output states (e.g., 
hyperthyroidism, chronic anemia); pressure overloads 
(e.g., aortic stenosis, systemic hypertension); and car- 
diomyopathies. 


ECG Characteristics 


1. R wave voltage: 
CANINE (except < 2 years old or deep chest 
breeds): 
i) R wave greater than 3.0 mV in CV4LU or 
CV,LL. 
ii) Large/giant breeds—R wave in leads II, aVr 
greater than 3.0 mV. 
iii) Small breeds—R wave in leads II, III, aV, 
greater than 2.5 mV. 
FELINE: 
i) R wave in lead II greater than 0.9 mV. 
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FIGURE 6-16 


Right atrial enlargement and left ventricular enlargement in a cat with hypertrophic 
cardiomyopathy. P waves are tall in leads II, IH, and aVF. The R wave amplitude is abnormally tall 
(1.6 mV in lead II). (From Tilley LP: Essentials of Canine and Feline Electrocardiography. 3rd ed. 
Philadelphia, Lea & Febiger, 1992, with permission.) 


ii) R wave in leads CV,LU or CV6LL greater than 
1.0 mV. 
2. QRS width: 
CANINE: 
i) Large/giant breeds, QRS greater than 0.06 
second. 
ii) Small/medium breeds, QRS greater than 
0.05 second. 
FELINE: 
i) QRS greater than 0.04 second (>0.035 by 
some cardiologists). 

3. Displacement of the S-T segment in a direction 
opposite the main QRS deflection. This causes the 
S-T segment to sag into the T wave, called S-T 
segment “coving.” 

4. Increased T-wave amplitude from repolarization 
changes. 

5. A left shift in mean electrical axis deviation in the 
frontal plane (< +40 degrees in the dog; < 0 
degrees in the cat). 


BIVENTRICULAR ENLARGEMENT 


Simultaneous enlargement of both ventricles is dif- 
ficult to confirm accurately by electrocardiography. Di- 
agnosis of right ventricular enlargement is generally 
unreliable. 


ECG Characteristics 


1. Precordial chest leads show changes for both right 
ventricular (deep S waves in CV.LL and CV,LU; tall 
R wave in CV;RL) and left ventricular (tall R waves 
in CVLL and CV;LU) enlargement. 

2. ECG evidence of left ventricular enlargement with 
a right shift of the MEA (in dogs). 

3. Deep Q waves in leads J, II, III, and aV;, along with 
ECG criteria of left ventricular enlargement, may 


indicate left ventricular enlargement with ventricu- 
lar septal hypertrophy. 

4. ECG criteria for left and right atrial enlargement 
are often present. 

5. ECG may be normal despite severe generalized car- 
diomegaly. 


ABNORMALITIES OF CONDUCTION 


SINOATRIAL BLOCK AND ARREST 
(Fig. 6-17) 


With sinoatrial (SA) nodal block, an electrical im- 
pulse generated in the SA node is prevented (blocked) 
from depolarizing the atria. This can be difficult to 
differentiate from sinus arrest (see Fig. 18-28D, E) on 
the surface ECG, in which impulses are not generated 
within the SA node. SA block may be caused by various 
pathologic conditions affecting the atria (e.g., dilation, 
hypertrophy, fibrosis, necrosis, cardiomyopathy), drug 
toxicities (especially B-adrenergic blockers, calcium 
channel blockers, or digitalis glycosides), electrolyte or 
autonomic imbalances, and other diseases (e.g., sick 
sinus syndrome). SA block has been described in pug 
dogs with His bundle stenosis” and in patched Dalma- 
tian coach hounds that are born deaf.” 


ECG Characteristics 


1. Variable heart rate depending on the underlying 
mechanism, with frequent or occasional pauses. SA 
block is suggested when pauses in the rhythm are 
precise multiples of normal R-R intervals. Junc- 
tional or ventricular escape complexes may occur 
but can be absent in some conditions (sick sinus 
syndrome). 

2. P waves are usually of normal configuration. 

. The QRS configuration is usually normal. 

4. The P-R interval is essentially constant. 


Qo 
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Sinoatrial block or arrest in a female miniature schnauzer with syncope. Arrow = ventricular escape 


complex. 


PERSISTENT ATRIAL STANDSTILL 
(Fig. 6-18) 


This arrhythmia is characterized by absence of P 
waves and a regular escape rhythm with QRS com- 
plexes of supraventricular configuration. It may be 
temporary, persistent, or terminal. Atrial standstill may 
result from digitalis toxicity or hyperkalemia. Persistent 
atrial standstill has been associated with various condi- 
tions in humans, including muscular dystrophy,” and 
may be hereditary in the English springer spaniel 
breed.*” * It has been recorded in association with 
fibrous replacement of atrial myocytes or, occasionally, 
feline dilated cardiomyopathy. Terminal atrial stand- 
still may occur with cardiac arrest. 


ECG Characteristics 
(see also following section on hyperkalemia) 


1. Slow, regular heart rate (dog—usually <60 beats/ 
min; cat—<160 beats/min. 

2. No P waves in any lead (including intracardiac ECG 
recording). 

3. QRS escape rhythm nearly normal in configuration 
(supraventricular type) or increased duration with 
bundle branch block pattern. 


4. No P waves evident after atropine administration or 
following exercise. 

5. Absent a wave (generated by atrial systole) on right 
atrial pressure recording. 


ATRIOVENTRICULAR BLOCK 


Atrioventricular (AV) block occurs when conduction 
of a supraventricular impulse is delayed or interrupted 
through the AV junction and bundle of His. The pre- 
cise site of delay cannot be identified from the ECG 
(bundle of His recordings can delineate the precise 
site of delay or block but are not performed in a 
clinical setting). The term “block” should not be used 
if conduction delay or failure occurs because a supra- 
ventricular premature impulse has reached the AV 
junction or bundle of His too early. The P-R interval 
represents the time period of impulse conduction 
from the atria to the ventricles. 


First-Degree AV Block 
(Fig. 6-19; see also Fig. 19-6.A) 


A prolonged P-R interval may result from certain 
drugs (e.g., digitalis glycosides, B-blockers, calcium 
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FIGURE 6-18 
Persistent atrial standstill in a 4-year-old Siamese cat with clinical signs of dyspnea. No P waves are 


present; the QRS complexes are increased in voltage and duration, indicating left bundle branch 
block and/or left heart enlargement. The heart rate is only 40 beats/min. (From Tilley LP: 
Essentials of Canine and Feline Electrocardiography. 3rd ed. Philadelphia, Lea & Febiger, 1992.) 
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First-degree and second-degree AV block in a dog with syncope. The P-R interval is prolonged (0.14 
second). Every other atrial impulse is conducted (2:1 second-degree block). 


channel blockers, occasionally quinidine and procain- 
amide); organic heart disease; age-related degenerative 
changes in the AV conduction system; hyperkalemia; 
hypokalemia; vagotonia (often associated with respira- 
tory sinus arrhythmia causing a cyclic increase in the 
P-R interval); and feline dilated cardiomyopathy. Occa- 
sionally, first-degree (1°) AV block may occur in ani- 
mals that are clinically normal and healthy. The P-R 
interval tends to shorten with rapid heart rates. 


ECG Characteristics 


1. P-R interval prolongation: 

CANINE—greater than 0.13 second 
FELINE—greater than 0.09 second 

2. Heart rate, rhythm, and P wave are usually normal 
unless associated with drug intoxication or severe 
underlying cardiac disease. 

3. QRS morphology is usually normal. If bundle 
branch block is present, 1° AV block may be caused 
by the conduction delay in the other bundle branch 
rather than in the AV junction. 


Second-Degree AV Block 
(Figs. 6-19, 6-20; see also Fig. 19-6B, C, and Fig. 
18-27) 


Intermittent failure of AV conduction characterizes 
2° AV block. One or more P waves are not followed by 
QRS-T complexes. A proposed classification takes into 
consideration the width of the QRS complexes: (1) 
Type A 2° AV block, with a normal QRS duration (the 
site of conduction failure is assumed to be above the 
bifurcation of the bundle of His), and (2) Type B 2° 
AV block, with a wide QRS (the site of block is assumed 
to be below the bundle branch bifurcation). 

Second-degree AV block may occur in some normal 
dogs, especially in the early years of life, and in brachy- 
cephalic breeds. It is often associated with sinus ar- 
rhythmia and other causes of increased vagal tone, or 
it is physiologic when associated with supraventricular 
tachycardia. Other associations include microscopic 


idiopathic fibrosis in older dogs, hereditary stenosis of 
the bundle of His in pugs, drug effects (e.g., digitalis 
glycosides; intravenous atropine; xylazine; B-adrenergic 
blockers; calcium channel blockers), or electrolyte im- 
balances. In the cat, 2° AV block can occasionally be 
associated with myocardial diseases and hyperthyroid- 
ism. 


ECG Characteristics 


Mobitz type I (Wenckebach phenomenon) 2° AV block (usu- 
ally Type A) (Fig. 6-20): 


1. The ventricular rate is slower than the atrial rate 
because of blocked P waves. In the typical form of 
Wenckebach phenomenon, the rhythm is regularly 
irregular; the R-R interval becomes progressively 
shorter as the P-R interval becomes progressively 
longer until a P wave is ultimately “blocked” (not 
conducted to the ventricles). 

2. P wave is usually of normal configuration. 

3. QRS usually normal, indicating that the bundle 
branches are also normal. 

4. Mobitz type I AV block rarely progresses to higher 
degrees of AV block. 


Mobitz type IT 2° AV block (usually Type B) (Fig. 6-19; 
see also Fig. 19-68): 


1. The P-R interval is always constant but may be ei- 
ther normal or consistently prolonged. The rhythm 
is usually regular and suddenly interrupted by the 
absence of a QRS complex following a P wave. 
Unlike Mobitz type I 2° AV block, no progressive P-R 
interval prolongation precedes the blocked P wave. 

2. There may be a fixed relationship between the atrial 
and ventricular complexes—e.g., 2:1 2° AV block 
(two blocked P waves for every one QRS complex), 
3:1, 4:1, and so forth. When three or more P waves 
are blocked, the term “high-grade 2° AV block” is 
used (Fig. 19-6C). This frequently deteriorates into 
complete AV block. 
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FIGURE 6-20 


Mobitz type I second-degree AV block (Wenckebach phenomenon) in a hyperthyroid cat. The P-R 


interval progressively lengthens until a P wave is not conducted (arrow). (Modified from Fox PR, 
Kaplan P: Feline arrhythmias. In Bonagura JD (ed): Contemporary Issues in Small Animal Practice. 
Vol 9: Cardiology. New York, Churchill Livingstone, 1987, p 251, with permission.) 


3. The ventricular rate is slower than the atrial rate 

because of blocked P waves. 

P waves are usually normal. 

5. If the QRS complexes are of abnormal configura- 
tion, the conduction defect may involve the bundle 
of His or proximal bundle branches. Mobitz type II 
AV block (Type B) may progress to higher degrees 
of AV block. 


H 


Complete AV Block 
(Fig. 6-21; see also Fig. 19-6D) 


Complete (3°) heart block occurs when AV conduc- 
tion is absent. The ventricles are depolarized by pace- 
makers originating below the area of the block that 
usually have a greatly reduced rate of discharge. This 
results in severe bradycardia and decreased cardiac 
output (recall that cardiac output heart rate X 
stroke volume). Clinical signs frequently accompany 
this bradyarrhythmia, including syncope, episodic 


heart sound intensity, intermittent “cannon a waves” 
noted in the jugular venous pulse (caused when the 
right atrium contracts against a closed tricuspid valve), 
and variable presence of third and fourth heart 
sounds. 

Associated conditions include isolated congenital AV 
block; congenital defects such as aortic stenosis and 
ventricular septal defect; severe drug intoxication (e.g., 
digitalis glycosides, B-adrenergic blockers, calcium 
channel blockers); myocardial diseases including infil- 
trative disorders; bacterial endocarditis; myocardial in- 
farction; and hyperkalemia. Bundle of His lesions have 
been identified in affected Doberman pinschers and 
pugs. Degeneration or fibrosis of the AV node and 
bundle branches has been associated with endocardial 
and myocardial fibrosis in cats with cardiomyopathy. 


ECG Characteristics 


weakness, sudden death, and congestive heart failure. 1. P waves bear no constant relationship to the QRS 
Physical examination will indicate variation in first complexes. 
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FIGURE 6-21 


Complete heart block (3° AV block) with an idioventricular escape rhythm (arrows) of 30 beats/min, 
from a dog with syncope and severe ascites. Cardiac neoplasia was found at necropsy. (From Tilley 
LP: Essentials of Canine and Feline Electrocardiography. 3rd ed. Philadelphia, Lea & Febiger, 1992, 


with permission.) 
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2. Ventricular rate is slower than the atrial rate (more 
P waves than QRS complexes). 

. P waves are usually of normal configuration. 

. QRS complexes are usually wide and bizarre when 
the rescuing pacemaker is of ventricular origin. It 
is normal when the escape pacemaker is located in 
the AV junction (above the His bundle bifurcation). 


oo 


INTRAVENTRICULAR CONDUCTION DEFECTS 


The intraventricular conduction system is composed 
of three major conduction pathways:” (1) the right 
bundle branch, (2) the anterior fascicle of the left 
bundle branch, and (3) the posterior fascicle of the 
left bundle branch. A block or delay in conduction 
can occur in one, two, or all three pathways at the same 
time. Major forms of intraventricular block include 
(1) bundle branch blocks (right or left bundle), (2) 
fascicular blocks (left anterior or left posterior fasci- 
cles), (3) combinations of block in the three major 
conduction pathways (e.g., right bundle branch block 
with anterior or posterior fascicular block), and (4) 
block in all three conduction pathways, producing 
complete (third-degree) AV heart block. Bundle 
branch or fascicular blocks cause no hemodynamic 
impairment, unless complete AV block occurs. 


Left Bundle Branch Block (LBBB) 
(Figs. 6-18, 6-22; see also Figs. 6-37, 6-40, 18-3) 


Left bundle branch block (LBBB) results from con- 
duction delay or block in the left bundle branch— 
either in the main branch or at the level of the anterior 
and posterior fascicles. This causes a supraventricular 
impulse to activate the right ventricle first through the 
right bundle branch. The left ventricle is activated later 
and more slowly, having to rely on cardiac impulse 
transmission through myocytes instead of Purkinje fi- 
bers. This causes the QRS complex to become wide 
and bizarre. LBBB usually indicates significant underly- 
ing cardiac disease, including cardiomyopathy, congen- 


ital subaortic stenosis, certain drug toxicities (e.g., 
Adriamycin), and severe ischemia. 


ECG Characteristics 


1. Prolonged QRS complex duration (CANINE—> 0.07 
sec; FELINE—> 0.06 sec). 

2. Wide and positive QRS complexes in leads I, I, UI, 
and aV;, and in leads over the left precordium 
(CV6LL and CV,LU). 

3. Negative QRS complexes in leads aVg and CV;RL. 

. With LBBB, normal initial ventricular septal activa- 
tion is disturbed, altering the first part of the QRS 
complex. Thus, the Q wave is often absent in leads 
that definitely record septal activity in a right-to-left 
axis orientation (e.g., leads I and CV,;LU). 

. LBBB must be differentiated from left ventricular 
enlargement. Absence of left ventricular enlarge- 
ment on thoracic radiographs or echocardiogram 
lends support to a diagnosis of isolated LBBB. 

. Intermittent LBBB or RBBB may occur that is tachy- 
cardia- or bradycardia-dependent; rarely, bundle 
branch block alternans may occur. 


Right Bundle Branch Block (RBBB) (Fig. 6-23) 


Right bundle branch block (RBBB) is a delay or 
block of conduction in the right bundle branch. This 
results in the right ventricle depolarizing through myo- 
cytes by impulses that pass from the left bundle branch 
to the right side of the septum below the block, instead 
of through the Purkinje network. This prolonged right 
ventricular activation causes the QRS complex to be- 
come wide and bizarre. The block can occur in the 
proximal right bundle branch (complete block) or 
more peripherally in the right bundle branch (incom- 
plete block). RBBB is occasionally found in normal 
and healthy dogs and cats. It may also be associated 
with ventricular septal defect, cardiac neoplasia, car- 
diomyopathy, heartworm disease, and postcardiac ar- 
rest.” Incomplete RBBB has been found in the bea- 
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Intermittent left bundle branch block in a dog. The QRS complexes are wider and taller than 


normal in the fourth, fifth, and sixth complexes. 
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Right bundle branch block in a dog. The QRS duration is greatly prolonged at 0.09 second. Large 
and wide S waves are present in leads I, I, IN, and aVF. There is a right axis deviation 


(approximately — 90 degrees). 


gle” as a genetically determined localized variation 


with right ventricular wall thickness. 
ECG Characteristics 


Complete RBBB: 

CANINE—QRS greater than 0.08 second 
(>0.07 sec in toy breeds) 

FELINE—QRS greater than 0.06 second. Prolonged 
terminal QRS forces (i.e., S wave) 


1, Right axis deviation is usually present. 

2. The QRS complex is positive in aVp, aV, and CV;RL 
and has a wide RSR’ or rsR’ pattern (often M 
shaped) in CV;RL. 

3. QRS complexes have large, wide S waves in leads I, 
II, TW, aV, CV,LL, and CV;LU. An S wave or W 
pattern is usually present in lead Vio. 

4. Diagnosis of isolated RBBB is supported if diseases 
causing severe right ventricular enlargement are 
excluded. In most cases, the thoracic radiograph 
or echocardiogram can evaluate right ventricular 
enlargement. 

5. Intermittent RBBB (i.e., tachycardia- or bradycar- 
dia-dependent) or bundle branch block alternans 
may occur. 


Incomplete RBBB: 

1. When features 1 to 3 above are observed but the 
QRS duration is within normal limits or slightly 
widened due to prolonged S-wave duration, incom- 
plete RBBB is suspected. 


Fascicular Blocks (Fig. 6-24) 


The concept of left bundle branch fascicular blocks 
(erroneously termed “hemiblock”) was promoted by 
electrocardiographers to clinically apply electrocardi- 
ography to conduction system pathophysiology in hu- 
mans. As classically taught, the anterior and posterior 


fascicles each pass through the base of the correspond- 
ing left ventricular papillary muscles. If the fascicular 
path to one of these papillary muscles is blocked, 
ventricular activation begins at the other papillary mus- 
cle. This causes the general direction of left ventricular 
depolarization to shift toward the blocked fascicle and 
corresponding papillary muscle. In left anterior fascic- 
ular block, this results in a marked left axis deviation 
and only a slight prolongation of left ventricular depo- 
larization. 
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FIGURE 6-24 


Left axis deviation suspected due to left anterior fascicular block in 
a cat with hypertrophic cardiomyopathy. There is a severe left axis 
deviation (— 60 degrees) with a qR pattern in leads I and aVL and 
an rS pattern in leads I], III, and aVF. Terminal QRS forces are 
slightly wide, suggesting partial right bundle branch block. (From 
Tilley LP, et al: Primary myocardial disease in the cat: A mode! for 
human cardiomyopathy. Am J Pathol 86:493, 1977, with 
permission.) 
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Although the presence of conduction system blocks 
is acknowledged, much doubt now exists that the ordi- 
nary ECG can predict the anatomic locations of inter- 
rupted conduction in the left bundle system. This is 
due to marked anatomic differences in the left conduc- 
tion system anatomy and inaccuracies of Einthoven’s 
triangle to predict axis changes.“ In animals, definitive 
morphologic data are lacking. However, in cats, 
marked left axis deviation (hypothesized to occur with 
fascicular block) is often recorded with left ventricular 
hypertrophic diseases and only rarely in other forms 
of feline heart disease (chapters 19, 28). Occasionally, 
a marked left axis deviation can be recorded from 
apparently normal dogs. 


ECG Characteristics of Marked Left Axis Deviation 
Hypothesized with Left Anterior Fascicular Block 


1. QRS complex duration usually within normal limits. 
2. Marked left axis deviation in the frontal plane. 

3. Small Q wave and tall R wave in leads I and aV,. 

4. Deep S waves in leads II, III, and aVp 


ECG Characteristics of Right Bundle Branch Block 
and Marked Left Axis Deviation (Hypothesized with 
Left Anterior Fascicular Block) 


1. QRS complex greater than 0.07 second in the dog; 
greater than 0.06 second in the cat. 

. Marked left axis deviation in the frontal plane. 

3. Wide and deep S waves in leads I, II, II, aVp, 
and CV,LU. 

4, Small Q wave and tall R wave in leads I and aV,. 

5. QRS complex in CV;RL with a wide rsR’ or RSR’ 
pattern (often M shaped). 


no 


VENTRICULAR PRE-EXCITATION AND 
THE WOLFF-PARKINSON-WHITE 
SYNDROME 


Ventricular pre-excitation is a rare arrhythmia. It 
occurs when impulses originating in the SA node or 
atrium activate a portion of the ventricles prematurely 
through an accessory pathway (Fig. 6-25; see also Fig. 
19-5). This accessory pathway enables supraventricular 
impulses to reach the ventricles initially without going 
through the AV node (i.e., bypasses all or part of the 
AV node). The term “Wolff-Parkinson-White (WPW) 
syndrome” is applied when clinical signs due to parox- 
ysmal supraventricular tachycardia are present. 

A variety of anatomic substrates for accessory path- 
ways may exist and result in a number of ECG pre- 
excitation variations.“ “” Three accessory conduction 
pathways are postulated: bundles of Kent (accessory 
AV connections), James’ fibers (AV nodal bypass 
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Ventricular pre-excitation in a dog. A short P-R interval and a 
widened QRS complex with slurring or notching (arrow) of the 
upstroke (“‘delta’”’ wave) are present. 


tracts), and Mahaim’s fibers (nodoventricular tracts). 
Electrical, radionuclide, and echocardiographic tech- 
niques are frequently used in humans to localize the 
accessory pathway insertion site when surgical or elec- 
trical ablation therapy is intended. 

During sinus or atrial impulse propagation, the ac- 
cessory pathways activate a portion of the ventricles 
without passing through the bundle of His, while the 
rest of the ventricle is activated via the normal AV 
pathway. Pre-excitation of the ventricles results in a 
shortened P-R interval because the entire impulse is 
not slowed by normal conduction delay through the 
AV junction. The QRS complex has a slurred upstroke 
and is wide because the pre-excitation impulse is con- 
ducted through ordinary myocardium without the aid 
of the specialized conduction system. If the atrial im- 
pulse is conducted over the James bypass fibers, a short 
P-R interval with a QRS complex of normal duration 
will result (Lown-Ganong-Levine syndrome). 

Paroxysmal tachycardia associated with ventricular 
pre-excitation (WPW syndrome) may occur by the re- 
entry mechanism (chapter 16). An impulse traveling 
to the ventricles through the AV junction may turn 
around and re-enter the atria through the accessory 
pathway. A reciprocal tachyrhythmia is thus estab- 
lished. Drugs are selected that prolong the accessory 
pathway refractory period (i.e., class 1A and 1C; see 
chapter 17); in contrast, digitalis may shorten acces- 
sory pathway refractoriness and speed the ventricular 
response with reciprocating tachycardia. In many cases, 
however, there are no detected arrhythmias or clini- 
cal signs. 

Ventricular pre-excitation can be congenital with no 
organic heart disease present; it has been associated 
with congenital and acquired cardiac defects and hy- 
pertrophic cardiomyopathy in cats. In some cases it is 
idiopathic.* * 


ECG Characteristics 


1. PR interval in ventricular pre-excitation is very 
short. 


2. Heart rate and rhythm are normal’ in ventricular 
pre-excitation. In WPW syndrome, the heart rate 
may be extremely rapid, often greater than 300 
beats/min (>400 beats/min in the cat), particularly 
with 1:1 conduction (P wave for every QRS com- 
plex). 

3. Sinus P waves are normal in ventricular pre-excita- 
tion but difficult to recognize in the WPW syn- 
drome. 

4. QRS complex morphology in ventricular pre-excita- 
tion is widened with slurring or notching of the R 
wave upstroke (‘‘delta” wave). The left type (Type 
A) has predominantly positive QRS complexes in 
CV;RL, whereas the right type (Type B) has pre- 
dominantly negative QRS complexes in CV;RL. In 
the WPW syndrome, QRS complex configuration 
can be normal, wide with a delta wave, or very wide 
and bizarre. 


S-T SEGMENT, Q-T INTERVAL, AND 
T-WAVE ABNORMALITIES 


S-T SEGMENT CHANGES 
(Figs. 6-26, 6-39; see also Fig. 24-14) 


The S-T segment represents the time from the end 
of the QRS interval to the onset of the T wave. It may 
lie above (elevated), at, or below (depressed) the level 
of the baseline. The baseline or the isoelectric line is 
on the same level as the T-P segment (between the T 
wave and the P wave). 

S-T segment changes may be attributable to many 
factors.” * The magnitude of S-T segment deviation 
may vary cyclically with changing R-R intervals of respi- 
ratory sinus arrhythmia. The degree of S-T deviation 
increases with shorter preceding R-R intervals in the 
dog.“ The S-T segment may display some normal varia- 
tion in healthy animals. Depressed S-T segment leads 
with dominant R waves (II, II, aVr, CV,LU) can be 
associated with myocardial ischemia, acute myocardial 
infarction, electrolyte disturbances, digitalis toxicity, 
and cardiac trauma. Elevation of the S-T segment (Fig. 
6-26) in leads with dominant R waves can be associated 
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S-T segment elevation (arrow) in a dog with pericardial effusion. 
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Lead II rhythm strip recorded from a dog with acute pancreatitis. 
Sinus bradycardia and Q-T interval prolongation (0.50 sec) are 
present. (From Tilley LP: Essentials of Canine and Feline 
Electrocardiography. 3rd ed. Philadelphia, Lea & Febiger, 1992, 
with permission.) 


with myocardial infarction, pericarditis, and myocar- 
dial hypoxia. In addition, ventricular hypertrophy, bun- 
dle branch block, and ventricular premature com- 
plexes can cause secondary S-T segment changes 
following abnormalities of the QRS complex. Pseudo- 
depression of the S-T segment due to a prominent T, 
wave (atrial repolarization) can occur with tachycardia 
or pathologic atrial changes. 


ECG Characteristics 


1. CANINE (magnitude of abnormal S-T segment de- 
viation): 
Depression—0.2 mV or greater; 0.3 mV or greater 
in lead CV;LL. 

Elevation—0.15 mV or greater in leads I 
through aV;, depression of 0.3 mV 
in leads CV;LL and CV,LU. 

FELINE: Significant S-T segment deviations 0.1 mV 
or greater. 

2. The S-T segment normally curves gently into the 
proximal limb of the T wave. 

3. It is helpful to compare S-T segment changes with 
previous tracings from the same animal. 


Q-T INTERVAL ABNORMALITIES 
(Fig. 6-27; see also Figs. 18-25, 33-7, 34-3) 


The Q-T interval is measured from the onset of the 
Q wave to the end of the T wave. It represents the 
summation of ventricular depolarization. The Q-T in- 
terval is dependent on the preceding R-R interval (i.e., 
the faster the heart rate, the shorter the interval). 
However, it does not vary with respiratory sinus ar- 
rhythmia, probably because fluctuations in canine 
heart rate occur too slowly to permit resetting of spe- 
cific ion channels.” Drugs that affect the autonomic 
nervous system can influence the Q-T interval through 
direct pharmacologic action or indirectly, by changing 
heart rate. A prolonged Q-T interval can occur with 
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hypocalcemia (see Figs. 18-25, 33-7; 34-3), hypo- 
kalemia, quinidine toxicity, ethylene glycol poisoning, 
strenuous exercise, hypothermia, and central nervous 
system disorders. A shortened Q-T interval can be associ- 
ated with hypercalcemia (see Fig. 33-7), digitalis toxic- 
ity, and hyperkalemia. 

Various formulas and tables correlate Q-T interval 
to heart rate, age, and gender in humans. However, 
the Q-T interval alone is not very helpful in veterinary 
diagnostics. 


ECG Characteristics 


1. The normal range with sinus rhythm: 
CANINE—0.15 to 0.25 second; FELINE—0.12 to 
0.18 second. 

2. An approximate rule of thumb is that the Q-T inter- 
val should be less than one half the preceding R-R 
interval for a normal sinus heart rate. 


T-WAVE ABNORMALITIES (Fig. 6-28) 


The T wave is the first major deflection following the 
QRS complex and represents the ventricular recovery 
period (repolarization). Its contour may be positive, 
notched, negative, or biphasic and is most accurately 
analyzed when compared with T waves from previous 
ECGs. 

T-wave abnormalities may cause abnormal ampli- 
tude, shape, or direction (polarity). They can be classi- 
fied as (1) primary, or changes independent of depo- 
larization, and (2) secondary, or changes directly 
dependent on depolarization. 

T-wave abnormalities can result from myocardial 
hypoxia, anesthetic complications, and hyperventila- 
tion during heat stroke; with heart failure or various 
heart diseases; during bradycardia (T waves larger) 
and myocardial infarction (T wave larger with a polar- 
ity change). Intraventricular conduction defects such 
as RBBB or LBBB are often associated with large T 
waves secondary to the QRS change. T waves become 
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FIGURE 6-28 


Large, negative T waves recorded from a dog with severe 
heartworm disease. 


larger and spiked in hyperkalemia and are smaller and 
biphasic in hypokalemia. Nonspecific T-wave changes 
are associated with metabolic diseases (e.g., anemia, 
shock, uremia, hypothyroidism, and fever), drug toxic- 
ity (e.g., digitalis, quinidine, and procainamide), and 
respiratory abnormalities. T-wave alternans can occur 
from increases in circulatory catecholamines, hypocal- 
cemia, and acute increase in sympathetic discharge. 


ECG Characteristics 


1. T-wave amplitude: 

CANINE—less than 25 percent of the R-wave am- 
plitude. 

FELINE—T wave rarely greater than 0.3 mV and 
may even exceed the R wave. 

2. T-wave morphology: T waves are normally slightly 
asymmetric and in dogs may be biphasic. They 
should be positive in dogs greater than 2 years of 
age and positive in lead CV;RL; they should be 
negative in lead V,, in all breeds except the Chihua- 
hua. Polarity reversal or a large magnitude in ampli- 
tude change on serial ECGs most often represents 
an abnormal finding. T waves that are sharply 
pointed or notched are usually abnormal and may 
indicate acid-base or electrolyte abnormalities (e.g., 
hyperkalemia). 

3. Polarity of secondary T-wave changes is not always 
equal to that exhibited by the QRS complex. 

4. Isolated T-wave alternans (i.e., rhythmic alteration 
of the T-wave configuration without concomitant 
change in the QRS complex) can occur and is 
usually abnormal. 


EFFECT OF SELECTED 
DISEASES ON THE 
ELECTROCARDIOGRAM 


MYOCARDIAL INFARCTION 
(Fig. 6-29) 


Myocardial infarction is frequently detected in cats 
at necropsy but is uncommon in the dog.® Most cases 
involve the left ventricle. Microscopic intramural myo- 
cardial infarctions (MIMI) and focal areas of myocar- 
dial fibrosis are frequent in older dogs with acquired 
cardiovascular disease. No clinically well-established 
ECG patterns have been reported to diagnose or pre- 
cisely localize spontaneous myocardial infarction in the 
dog, however. 


ECG Characteristics 


1. Serial ECGs documenting QRS- and ST-T-wave 
changes provide a higher degree of confidence for 
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FIGURE 6-29 
“Notched R-wave descent” (arrow) recorded from an old dog. 


This may indicate microscopic intramural myocardial infarction 
(MIMI). (From Tilley LP: Essentials of Canine and Feline 
Electrocardiography. 3rd ed. Philadelphia, Lea & Febiger, 1992, 
with permission.) 


diagnosis of myocardial infarction. The zone of is- 

chemia that surrounds the infarcted region ac- 

counts for the S-T segment and T-wave abnormali- 
ties. 

2. ECG changes that could indicate myocardial in- 
farction: 

a. Sudden S-T segment deviation. 

b. Tall, peaked T waves (first few hours). 

c. Sudden development of Q waves or a change in 
T-wave direction. 

d. Axis shift in the frontal plane. 

e. Low-voltage QRS complexes. 

f. Sudden development of bundle branch block or 
AV block. 

g. Sudden onset of ventricular arrhythmias due to 
ischemia. 

h. Ventricular arrhythmias 12 to 24 hours later due 
to ischemic effects on the subendocardial Pur- 
kinje system. 

3. A sloppy R-wave descent (may be associated with 

MIMI). 
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HYPERKALEMIA (Fig. 6-30) 


The effects of severe, uncorrected hyperkalemia on 
cardiac conduction and rhythm are often lethal. In 
severe hyperkalemia, no P wave is recorded because 
the atrial myocardium does not depolarize. Resultant 
wide and bizarre QRS complexes may simulate an 
idioventricular rhythm, but the SA node continues to 
fire, and its impulses are transmitted via the internodal 
pathways to the AV junction and ventricles. This is 
termed a “sinoventricular rhythm.” 

Changes may not appear on the ECG until serum 
potassium concentrations are greatly elevated. More- 
over, ECG alterations are influenced and potentiated 
by hyponatremia, hypocalcemia, and acidosis (chapter 
33). Therefore, the ECG is not always predictive of 
serum potassium concentration. 

Hyperkalemia is a common clinical condition. It 
occurs most frequently with feline urinary tract ob- 
struction, oliguric renal failure, hypoadrenocorticism 
(Addison’s disease), and reperfusion injury postaortic 
thromboembolism.” %0. 32 


ECG Characteristics 


ECG changes are not directly correlated with precise 
serum K* concentrations, but the following generaliza- 
tions can be made: 


1. Serum K* greater — T waves larger and peaked. 
than 5.5 mEq/L 
2. Serum K* greater — decreased R-wave ampli- 
than 6.5 mEq/L tude; prolonged QRS and 
P-R intervals; S-T segment 
depression. 
3. Serum K* greater — decreased P-wave amplitude; 
than 7 mEq/L increased P-wave dura- 
tion; prolonged QRS, P-R, 
and Q-T intervals. 


FIGURE 6-30 


(A) Atrial standstill recorded from a hyperkalemic dog (serum K*, 8.4 mEq/L) in hypovolemic 

shock due to addisonian crisis (hypoadrenocorticism). P waves are absent, and T waves are tall and 
peaked. (B) After therapy (serum K`, 4.8 mEq/L), P waves are present, and the QRS-T complex is 
of smaller amplitude. (From Tilley LP: Essentials of Canine and Feline Electrocardiography. 3rd ed. 


Philadelphia, Lea & Febiger, 1992, with permission.) 
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FIGURE 6-31 


Electrical alternans in a dog with pericardial effusion. Every other 
R wave alternates in amplitude. 


4. Serum K* greater — disappearance of the P wave 
than 8.5 mEq/L with atrial standstill and 
resultant sinoventricular 
rhythm. 
5. Serum K* greater — increased widening of the 
than 10 mEq/L QRS complex; eventual re- 
placement of QRS com- 
plexes with a smooth bi- 
phasic waveform; final 
stage is ventricular flutter, 
ventricular fibrillation, or 
ventricular asystole. 


PERICARDIAL EFFUSION AND 
ELECTRICAL ALTERNANS (Fig. 6-31) 


Pericardial effusion is often associated with low volt- 
age complexes, S-T segment deviation, and sometimes 
electrical alternans. The QRS complex amplitude is in- 
fluenced by many extracardiac factors, such as the 
distance of the heart from the recording electrode 
(this distance influenced by chest size, thoracic wall 
thickness, obesity), presence of emphysema, pneumo- 
thorax, or pleural effusion. 


ECG Characteristics 


1. Decreased QRS amplitude in serial ECGs recorded 
at different time periods (in the dog, R waves < 0.5 
mV in leads I, II, II, and aV;, are suggestive). 

2. S-T segment elevation in leads I, II, III, and aV,, 
most often seen in acute pericarditis from subepi- 
cardial ischemia due to compression by pericardial 
fluid. 

3. P-R segment depression in leads I, II, II, and aV,, 
probably representing subepicardial atrial injury. 

4. Electrical alternans. This is diagnosed when the P, 

QRS, or T complexes (or any combination) alter 

their amplitude every other or every third or fourth 

beat, and so on. The most common alternating 
ratio is every other beat and usually involves the 

QRS complex voltage (i.e., R wave). Shifting cardiac 

motion of the heart in the pericardial fluid dur- 

ing every other beat causes an alternating shift 
in the anatomic relationship of the heart to any 
given electrode. This produces alternating ECG 


changes.” 


HYPERTHYROIDISM 
(Fig. 6-32; see also Figs. 34-2 and 34-3) 


Electrocardiographic abnormalities are common in 
feline thyrotoxicosis. Sinus tachycardia (greater than 
240 beats/min) and increased R-wave amplitude in 
lead II represent the most common ECG abnormali- 
ties. Atrial and ventricular arrhythmias (e.g., atrial pre- 
mature complexes, atrial tachycardia, ventricular pre- 
mature complexes, and ventricular tachycardia) and 
conduction abnormalities are also frequently re- 
corded, Sinus tachycardia, increased R-wave amplitude, 
and most arrhythmias usually resolve following success- 
ful therapy (chapter 34) 51°" 


ARRHYTHMIAS 


An arrhythmia is an abnormality in the rate, regular- 
ity, or site of cardiac impulse origin and/or a distur- 
bance of impulse conduction. During normal sinus 


HEE HEE F F FE TE 
a TERE 
$ E E EHEER REE : 
H rH HH Hot HH HHH HH H a 
HEET + He H 
H + HH H HHHH 
4 H t HH H H H 
EHE i : i i 
= HEE a H i H 
t H H } H HEH 
FH HEH TH i HH $ H H i HH 
HE HER acres HE HEH s: FE HHH E 
$ PREEN EE EHHH $ EH E 
FIGURE 6-32 


Sinus tachycardia (285 beats/min) from a cat with hyperthyroidism. The R wave voltage is 1.1 mV, 


indicating left ventricular enlargement. 
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FIGURE 6-33 


Normal sinus rhythm in a dog. The heart rate is 165 beats/min. (From Tilley LP: Essentials of 


Canine and Feline Electrocardiography. 3rd ed. Philadelphia, Lea & Febiger, 1992, with permission.) 


rhythm, the cardiac impulse originates in the SA node 
and spreads in an orderly fashion throughout the atria, 
AV node and His-Purkinje system, and ventricles. Ab- 
normalities of impulse formation or conduction pro- 
vide a basis for arrhythmia classification (see Table 
6-5) and therapy (chapters 17 to 21). 


NORMAL SINUS RHYTHM (Fig. 6-33) 


The SA node has a normal inherent pacemaker 
rate of 70 to 160 beats/minute in the adult dog and 
approximately 140 to 220 in the adult cat. Sinus 
rhythm is the most common cardiac rhythm. Rates of 
SA nodal discharge can become as high as 180 in toy 
breeds and up to 220 in puppies. A regular sinus 
rhythm below the normal rate is sinus bradycardia, 
whereas sinus tachycardia represents sinus rate above 
the normal range. An irregular sinus rhythm is called 
sinus arrhythmia, which is common in dogs but uncom- 
mon in cats. 


ECG Characteristics 


1. The rhythm is regular with less than 10 percent 
variation in R-R intervals. The difference between 
the largest and smallest R-R interval is less than 0.12 
second in the dog; less than 0.10 second in the cat. 

2. P waves are positive in lead II with a consistent 
configuration. 

3. QRS complexes are normal. They may be wide and 
bizarre if atrial enlargement or an intraventricular 
conduction defect is present. 

4. The P-R interval is constant. 


ARRHYTHMIAS ORIGINATING IN THE 
SINUS NODE 


Sinus Tachycardia (Fig. 6-32) 


Sinus tachycardia can be associated with many condi- 
tions: (1) increased sympathetic discharge associated 
with fright or excitement, (2) a physiologic mechanism 
in response to increased body metabolism resulting in 
a greater O; demand (e.g., shock); (3) a compensatory 


mechanism to increase cardiac output (e.g., heart fail- 
ure); (4) underlying cardiac, systemic, or metabolic 
disease (e.g., fever, anemia, sepsis, hypoxia, hyperthy- 
roidism); or (5) in response to pharmacologic agents. 
Sinus tachycardia is the most common arrhythmia in 
the dog and cat. 


ECG Characteristics 


1. All criteria of normal sinus rhythm are met except 
that the heart rate is greater than 160 beats/minute 
in the dog (above 180 in toy breeds and above 220 
in puppies) and greater than 240 beats/minute in 
the cat. 

2. The rhythm is regular, with less than 10 percent 
variation in R-R intervals and constant P-R intervals. 

3. Vagal maneuvers (e.g., ocular pressure) produce 
only gradual, transient slowing of the heart rate, if 
any change at all. 


Sinus Bradycardia (Fig. 6-34; see also Fig. 19-6A) 


Sinus bradycardia represents a regular sinus rhythm 
slower than the normal sinus heart rate. Severe sinus 
bradycardia may adversely affect cardiac output and/ 
or increase susceptibility to ectopic cardiac impulse 
formation. Sinus bradycardia can occur from condi- 
tions that increase vagal tone, severe systemic disease, 
and drug toxicities and certain anesthetics; with feline 
dilated cardiomyopathy; or during end-stage heart fail- 
ure. Bradycardia may be a normal ECG variation in 
the dog, and many large breeds normally have heart 
rates of 60 to 70 beats/minute. 


ECG Characteristics 


1. All criteria of normal sinus rhythm are met, except 
heart rate is less than 70 beats/minute in the dog 
(< 60/min in large breeds) and less than 120 
beats/minute for the cat. 

2. The rhythm is usually regular, with a slight variation 
in the P-P interval. 

3. The P-R interval is constant. 
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FIGURE 6-34 


Sinus bradycardia in a cat (75 beats/min) recorded during surgical anesthetic complications. (From 
Tilley LP: Essentials of Canine and Feline Electrocardiography. 3rd ed. Philadelphia, Lea & Febiger, 


1992, with permission.) 


Sinus Arrhythmia (Fig. 6-35) 


Sinus arrhythmia is an irregular sinus rhythm origi- 
nating in the SA node. It is represented by alternating 
periods of slower and more rapid heart rates, which 
is usually related to respiration. In respiratory sinus 
arrhythmia, inspiration causes reflex inhibition of va- 
gal tone, resulting in cyclical P-P interval shortening 
and an increasing heart rate; expiration causes P-P 
interval lengthening and a slowing heart rate. Respira- 
tory sinus arrhythinia is a frequent normal finding in 
dogs, especially brachycephalic breeds in which large 
airway obstruction increases the force of inspiration. 
Sinus arrhythmia is accentuated by vagal maneuvers 
such as carotid sinus massage and ocular compression. 
Atropine will usually eliminate sinus arrhythmia, indi- 
cating vagal origin. In cats, sinus arrhythmia is uncom- 
mon. When present it is usually associated with upper 
respiratory infections. Nonrespiratory sinus arrhythmia 
is not associated with respiration. 


ECG Characteristics 


1. All criteria of normal sinus rhythm are met. In the 
dog, 0.12 second or greater variability exists be- 


FIGURE 6-35 


tween successive P waves, or greater than 10 percent 
variability exists between R-R intervals. In the cat, 
0.10 second or greater variability occurs between 
successive P waves. 

2. P waves, QRS complexes, and P-R intervals are nor- 
mal. 

3. A wandering pacemaker is often present. This is a shift 
of pacemaker discharge from within the SA node 
or from the SA node to the AV node. Consequently, 
the direction of atrial depolarization (and P-wave 
contour) may change. Thus, a wandering pace- 
maker causes an irregular supraventricular rhythm 
with changing P-wave morphology. It is usually a 
normal variation in the dog. 


Sinus Arrest (see Figs. 6-17 and 6-40) 


Sinus arrest represents failure of SA nodal impulse 
formation caused by depressed automaticity. Differ- 
entiating between SA block or arrest by standard sur- 
face ECG is difficult. Prolonged periods of sinus arrest 
may cause episodic weakness or syncope when subsid- 
lary escape pacemakers fail to discharge. 

Intermittent sinus arrest can be a normal incidental 
finding in brachycephalic breeds, in which it is associ- 
ated with vagotonia accompanying accentuated respi- 


Respiratory sinus arrhythmia in a dog with an average rate of 120 beats/min. The R-R intervals vary 
more than 0.12 second as the rate changes with inspiration (INSP) and expiration (EXP). (From 
Tilley LP: Essentials of Canine and Feline Electrocardiography. 3rd ed. Philadelphia, Lea & Febiger, 


1992, with permission.) 


ration, It is rare in the cat. Ocular or carotid sinus 
pressure often produces sinus arrest or block. Other 
causes of vagotonia, including surgical manipulation 
and thoracic or cervical neoplasms, may cause sinus 
arrest or block. 


ECG Characteristics of Sinus Arrest with Normal 
Sinus Rhythm 


1, The heart rate can be variable, depending on the 
underlying mechanism. The rhythm is regularly ir- 
regular, or irregular with pauses demonstrating a 
lack of P-QRS-T complexes. The pauses are equal 
to or greater than twice the normal R-R interval. 

2. P waves are usually of normal configuration but may 
vary in shape if a wandering pacemaker is present. 

3. QRS configuration is normal unless an intraventric- 
ular conduction defect exists. 

4. The P-R interval is essentially constant. 


Sick Sinus Syndrome (Fig. 6-36) 


A number of SA nodal abnormalities are described 
under this terminology, including severe sinus brady- 
cardia with pronounced SA block, and sinus arrest.™ 
When paroxysms of recurrent supraventricular tachy- 
cardia (e.g., atrial fibrillation or atrial tachycardia) 
coexist with this bradyarrhythmia, the term “bradycar- 
dia-tachycardia syndrome” is applied. This has been 
reported in miniature Schnauzers™ most commonly, 
but also pugs, dachshunds, cocker spaniels, and mixed- 
breed dogs can be affected. The condition is rare 
in felines. 

Most dogs with sick sinus syndrome also have coexist- 
ing dysfunction of the AV junction or bundle branches 
or both. Automaticity of lower pacemakers is often 
depressed. Thus, during long periods of SA block or 
arrest, latent alternate pacemakers fail to depolarize, 
causing long intervals of sinus pause (asystole). Syn- 
cope may result. 

The clinical manifestations of sick sinus syndrome 
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are variable. Some dogs are asymptomatic. Syncope 
and episodic weakness are the most common clinical 
signs associated with the bradycardia-tachycardia syn- 
drome. Very occasionally, heart rates may be so slow as 
to reduce cardiac output and exacerbate cardiac fail- 
ure. 


ECG Characteristics 


1. Severe and persistent sinus bradycardia not induced 
by drugs. 

2. Short or long sinus pauses (SA block/arrest) with 
or without escape rhythms. 

3. Atrial fibrillation with a slow ventricular rate (in the 
absence of cardioactive drugs), usually associated 
with accompanying disease of the AV junction. 

4. Long sinus pause following an atrial premature 
complex. 

5. AV junctional escape rhythm (with or without slow 
and unstable sinus activity). 

6. Bradycardia-tachycardia syndrome: periods of se- 
vere sinus bradycardia alternating with ectopic su- 
praventricular tachycardias (atrial tachycardia, atrial 
fibrillation, or atrial flutter); absence of intervening 
escape rhythm during long periods of sinus pause. 


Tests for SA node dysfunction include the following: 


1. Ocular or carotid sinus massage (vagal maneuvers) 
may cause prolonged periods of sinus arrest (> 3 
sec). Increased vagal tone may partially contribute 
to this syndrome. 

2. Atropine (0.015 to 0.04 mg/kg IV) fails to cause a 
marked increase in heart rate (normally at least a 
50 percent increase occurs), indicating that the SA 
node dysfunction is not due to excessive vagal tone. 

3. Simultaneous automatic monitoring with radiotel- 
emetry and time-lapse video recordings have been 
used to correlate syncope with arrhythmias. 

4. After cessation of rapid right atrial pacing, the 
atrium can fail to depolarize for as long as 15 sec- 
onds (normal in the dog is 1.5 sec). 
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FIGURE 6-36 


Prolonged ventricular asystole due to sinoatrial block or arrest after a vagal maneuver (ocular 
pressure) was performed on a dog with sick sinus syndrome. No escape beats occur during this 


interval, 
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5. Failure of sinus rhythm initiation after electric car- 
dioversion of tachycardia. 


DISTURBANCES OF ATRIAL RHYTHM 


Atrial Premature Complexes 
(Fig. 6-37; see also Figs. 6-47, 18-1, 18-2F 18-3, 
19-2) 


Atrial premature complexes (APCs) can originate 
from any area in the atria or AV node. Although APCs 
are occasionally detected in clinically normal dogs and 
cats, they are usually associated with structural cardiac, 
metabolic, systemic, or inflammatory diseases. Isolated 
or infrequent premature atrial complexes cause no 
hemodynamic or electrical instability and require no 
therapy. They may occasionally precipitate or presage 
the occurrence of supraventricular tachyarrhythmias 
such as atrial tachycardia or flutter. Causes of APCs 
include atrial enlargement from volume overloads 
(e.g., congenital or acquired valvular regurgitation, or 
left-to-right shunting congenital heart diseases), myo- 
cardial diseases (idiopathic or secondary to systemic 
or metabolic diseases), sepsis, neoplasia (especially 
hemangiosarcoma), hyperthyroidism, and drug toxic- 
ity (e.g., digitalis glycosides, general anesthesia). 


ECG Characteristics 


1. A premature, ectopic P’ wave (called P’ wave) oc- 
curs and has a different configuration from normal 
sinus P waves. The P’ wave may be negative, positive, 
biphasic, or superimposed on the previous T wave. 

2. A premature QRS complex with a configuration 
similar to that of sinus-initiated complexes follows 
the P’ wave. 

3. If the P’ wave occurs too early relative to the preced- 
ing T wave, the AV node may not have recovered 
adequately to permit conduction of the P’ wave 
impulse to the ventricles. A nonconducted P’ wave 
results (QRS is absent). 

4. Cardiac rhythm is irregular due to the premature 


P’-ORS-T complexes that disrupt the normal sinus- 
initiated rhythm. 

5. If there is partial recovery of the AV node or the 
intraventricular conduction system, the P’ wave is 
conducted with a long P’-R interval or with a 
change in the normal QRS configuration (called 
aberrant conduction). 

6. The P’-R interval is usually equal to or greater than 
the sinus-initiated P-R interval. 

7. A noncompensatory pause may result. It is recognized 
when the R-R interval of the two normal sinus com- 
plexes that enclose the APC is less than the R-R 
intervals of three consecutive sinus complexes. This 
is caused by retrograde conduction of the APC into 
the SA node, which discharges the SA node prema- 
turely, resetting SA nodal discharge and, thus, tim- 
ing of the normal sinus rhythm. 


Atrial Flutter (Fig. 6-38; see also Figs. 18-10 and 
18-11) 


Atrial flutter is an uncommon tachyrhythmia charac- 
terized by a rapid atrial rate usually exceeding 300 
beats/minute, and with variable ventricular conduc- 
tion. In the classic form, normal P waves are replaced 
by “sawtooth” waves (called F waves). Varying degrees 
of AV conduction are usually present. When 1:1 atrial 
to ventricular conduction occurs, the arrhythmia may 
be difficult to distinguish from atrial tachycardia. 

Atrial flutter is associated with conditions that cause 
other atrial arrhythmias (especially diseases producing 
severe atrial enlargement), ventricular pre-excitation 
(WPW syndrome), and, occasionally, feline restrictive 
or hypertrophic cardiomyopathy. 


ECG Characteristics 


1. Normal P waves are replaced by sawtooth flutter 
waves (F waves), which represent a combination of 
ectopic and pronounced atrial repolarization waves. 

2. The atrial rhythm (F waves) is regular and rapid 
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Atrial premature complexes (arrows) and P mitrale in a dog with congestive heart failure caused by 


chronic mitral regurgitation. 
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Atrial flutter with 2:1 conduction (ventricular rate, 330/min) from a dog with an atrial septal defect. 
(From Tilley LP: Essentials of Canine and Feline Electrocardiography. 3rd ed. Philadelphia, Lea & 


Febiger, 1992, with permission.) 


(usually > 300 beats/min). The ventricular rhythm 
and rate depend the state of AV conduction and 
atrial rate. When the rate of atrial and ventricular 
depolarizations is equal, 1:1 atrioventricular con- 
duction is said to be present; when two atrial depo- 
larizations occur for each QRS-T complex, conduc- 
tion is said to be 2:1, and so on. 

3. The QRS configuration is normal, or wide and bi- 
zarre due to bundle branch block, aberrant ventric- 
ular conduction, or ventricular pre-excitation. 

4. When conduction through the AV node is constant, 
the interval between the QRS complex and the F 
wave is of constant duration. This interval may vary 


based on changing conduction and second-degree 
AV block. 


Atrial Fibrillation (Fig. 6-39; see also Figs. 18-2, 
18-12, 18-13, 19-4, and 22-1) 


Atrial fibrillation is common in the dog but uncom- 
mon in the cat. Although it can be paroxysmal, it is 
more usually sustained. The loss of atrial contribution 
to ventricular filling, combined with a rapid ventricular 
heart rate, may substantially reduce cardiac output and 


associated with severe atrial enlargement. In dogs, it 
most often results from dilated cardiomyopathy, severe 
chronic mitral regurgitation, or uncorrected congeni- 
tal heart diseases such as patent ductus arteriosus.” 
Additional causes include ventricular pre-excitation 
(WPW syndrome) and, rarely, severe systemic or meta- 
bolic diseases (e.g., hypoadrenocorticism, gastric tor- 
sion-volvulus). Occasionally, atrial fibrillation may oc- 
cur in large or giant-breed dogs without cardiac 
enlargement. In cats, atrial fibrillation is predomi- 
nantly associated with hypertrophic or restrictive car- 
diomyopathy.>**° 


ECG Characteristics 


1. Discernible P waves are absent. In coarse atrial fi- 
brillation, large oscillations (called “f? waves) of 
varying amplitude replace the normal sinus P waves. 
When prominent f waves resemble atrial flutter, the 
term “atrial flutter-fibrillation”’ is used. 

2. Ventricular heart rate is rapid and irregularly irreg- 
ular (rarely, a slow ventricular rate is present). 

3. The QRS configuration is normal, or more com- 
monly, widened owing to bundle branch block or 


exacerbate heart failure. Atrial fibrillation is usually aberrant conduction. Normal QRS complexes 
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Atrial fibrillation recorded from a dog with congestive heart failure. The heart rate is rapid and 
irregularly irregular. P waves are absent. The tall and wide QRS complexes indicate left heart 


enlargement. The S-T segment is depressed. 
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(A) Supraventricular tachycardia, probably atrial tachycardia, recorded from a dog. The ectopic 
origin cannot be identified with accuracy in this strip. (B) After vagal maneuvers (ocular pressure), 
the tachycardia has been terminated. The configuration of these sinus QRS complexes is the same as 
in strip A and represents a left bundle branch block configuration. (From Tilley LP: Essentials of 
Canine and Feline Electrocardiography. 3rd ed. Philadelphia, Lea & Febiger, 1992, with permission.) 


sometimes vary in amplitude, especially during 
rapid heart rates. 

4. The ventricular rate is irregularly irregular because 
the AV junction conducts only a limited number of 
fibrillatory waves to the ventricles in a sporadic fash- 
ion. 


SUPRAVENTRICULAR TACHYCARDIAS 
(Figs. 18-2, 18-4, 18-8, 18-9, 18-14 through 18-17) 


Nomenclature 


Tachyarrhythmias are sometimes differentiated as to 
whether the QRS complexes are narrow (i.e., normal 
width) or wide. Narrow QRS tachycardia represents com- 
plexes less than 0.065 second wide in the dog and less 
than 0.045 second in the cat. These complexes indicate 
that atrioventricular conduction occurs via the AV 
node. A variety of electrophysiologic mechanisms can 
account for tachycardias originating in the atria or AV 
junction with ECG characteristics of a supraventricular 
QRS complex, regular R-R interval, and no evidence 
of ventricular pre-excitation. These tachycardias have 
been termed paroxysmal atrial tachycardia if the P wave 
occurred in front of the QRS, and paroxysmal junctional 
(or nodal) tachycardia if the P wave exhibited retrograde 
contour and occurred within or just following the QRS 
complex. A broader, generalized term, “paroxysmal 
supraventricular tachycardia,” is frequently applied to 
encompass this group. The term “reciprocating tachy- 
cardia” has been substituted when the mechanism is 
thought to be re-entry. It must be remembered that 
some cases of supraventricular tachycardia can have 
wide QRS complexes because of pre-existing or func- 
tional bundle branch block or conduction through an 
accessory AV pathway.*” “ In this chapter, descriptive 
titles are applied for the sake of clarity, although some 
controversy exists in this nomenclature. 


Atrial Tachycardias (Fig. 6-40; see also Figs. 18-4, 
18-9, 19-3) 


Atrial tachycardia is usually rapid and regular, origi- 
nating from an ectopic supraventricular focus. Three 
or more consecutive APCs constitute atrial tachycardia, 
which is usually associated with organic heart disease. 
Its P’ waves are different in morphology from sinus P 
waves. Unlike sinus tachycardia, atrial tachycardia may 
be terminated by vagal maneuvers. The same factors 
that cause APCs are associated with atrial tachycardia. 
Other predisposing conditions include ventricular pre- 
excitation, disseminated intravascular coagulation, and 
blunt cardiac trauma. Atrial tachycardia with AV block 
is often due to digitalis toxicity. 


ECG Characteristics 


l. Rapid heart rate, greater than 160 beats/minute 
(> 180 in toy breed dogs); greater than 240/minute 
in the cat. Rhythm is regular in most cases but may 
be slightly irregular. Atrial tachycardia can be either 
intermittent (paroxysmal) or continuous. P’ waves 
are usually positive in lead II, with regular P’-P’ 
intervals. 

2. P’ waves may not be easily recognized. They may be 
obscured by the fast ventricular rate or a prolonged 
P’-R’ interval. 

3. P’ wave configuration is generally different from 
that of sinus P waves. If the atrial rhythm is irregular 
and the P’ waves are of varying configuration, the 
term “multifocal atrial tachycardia” is used. 

4. QRS configuration is usually normal; alternatively, 
it is wide and bizarre due to bundle branch block, 
aberrant ventricular conduction, or ventricular pre- 
excitation. 

5. The P’-R interval of the P-QRS is usually constant 
(1:1 AV conduction). At extremely high rates, vary- 


ing degrees of AV block can occur (e.g., 2:1, 3:1, 
4:1). 


Arrhythmias Originating in the Atrioventricular 
Junction 


ATRIOVENTRICULAR JUNCTIONAL PREMATURE COMPLEXES. 
(Fig. 6-41; see also Figs. 6-46, 18-6, 18-14). Atrioven- 
tricular junctional premature complexes are caused by 
the early firing of an ectopic AV junctional focus. The 
impulse spreads backward (retrograde) to the atria as 
well as forward (anterograde) to the ventricles. The 
term “junctional” is more accurate for describing 
rhythms that arise in the region extending from the 
atrial fibers approaching the AV junction to the bifur- 
cation of the bundle of His. Junctional premature 
complexes are often associated with digitalis toxicity 
and similar causes described for APCs. 


ECG Characteristics 


1. The heart rate is usually normal. The rhythm is 
irregular due to the premature P’ waves that disrupt 
normal sinus-initiated P-wave rhythm. 

. The P’ wave is usually negative in lead II. 

. The premature QRS complex is usually normal in 
configuration but can be wide and bizarre due to 
bundle branch block, aberrant ventricular conduc- 
tion, or ventricular pre-excitation. 

4. The P’ wave may precede, be superimposed on, or 
follow the QRS, depending on the location of the 
ectopic focus and on the conduction velocity above 
and below the AV junctional focus. For example, 
the negative P’ wave precedes the QRS when retro- 
grade impulse conduction is faster than antero- 
grade conduction. 

5. A noncompensatory pause is usually present. It is char- 
acterized by an RR interval enclosing the prema- 
ture complex that is less than twice the normal R-R 
interval duration. 


oo NO 
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ATRIOVENTRICULAR JUNCTIONAL TACHYCARDIA. In AV 
junctional tachycardia, the ectopic focus in the AV 
junction acts as a primary pacemaker that discharges 
faster than the inherent AV junctional rate of 40 to 60 
beats/minute (in the dog). The term “enhanced AV 
junctional rhythm” is used for rates greater than 60 
but less than 100 in the dog. It is usually impossible to 
differentiate atrial tachycardia from an AV junctional 
tachycardia, since the inverted P waves are superim- 
posed on the QRS-T complexes. The term “supraven- 
tricular tachycardia” can be used for both arrhythmias. 

Associated conditions include those disorders associ- 
ated with atrial arrhythmias. Digitalis toxicity is often 
associated with an AV junctional arrhythmia. 


ECG Characteristics 


1. Heart rate is greater than 60 beats/minute in the 
dog. The rhythm is usually regular. Junctional tachy- 
cardia can be either paroxysmal or continuous. 

2. P’ waves are negative in lead II and may precede, 
be superimposed on, or follow the QRS complex. 

3. QRS configuration is usually normal or can be wide 
and bizarre as a result of bundle branch block, 
aberrant ventricular conduction, or ventricular pre- 
excitation. 

4. The P’-R interval is constant. The P’-R interval for 
a high AV junctional focus is normal or longer 
when there is conduction delay below the AV junc- 
tional focus. At high heart rates, varying degrees of 
AV block can occur. 


ARRHYTHMIAS ORIGINATING IN THE 
VENTRICLE 


Ventricular Premature Complexes 
(Fig. 6-42; see also Figs. 6-45, 6-46, 19-7) 


Ventricular premature complexes (VPCs) represent 
impulses that arise from an ectopic ventricular focus. 
These depolarizations spread from cell junction to cell 
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FIGURE 6-41 


Two junctional premature complexes (fifth and sixth complexes) recorded from a dog with digitalis 


toxicity. P mitrale is also present. 
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FIGURE 6-42 


Frequent ventricular premature complexes (VPCs) and paroxysmal ventricular tachycardia recorded 
from a dog with septicemia-endocarditis. (From Tilley LP: Essentials of Canine and Feline 
Electrocardiography. 3rd ed. Philadelphia, Lea & Febiger, 1992, with permission.) 


junction rather than across the Purkinje system as 
would normally occur. This results in conduction delay 
with associated widening and bizarre contour of the 
QRS complex. Premature ventricular complexes com- 
prise the second most common arrhythmia after sinus 
tachycardia. Two potential mechanisms include re- 
entry and increased automaticity (chapter 16). Occa- 
sional VPCs by themselves do not cause hemodynamic 
impairment or clinical signs and should not be treated. 

There are numerous causes of VPCs.?! 0 31,57,58 Occa- 
sionally, they may occur in normal hearts without clini- 
cal significance. Cardiac causes include heart failure 
due to congenital or acquired disorders; myocardial 
infarction; infection (especially viral or bacterial); in- 
flammation; infiltrative myocardiopathies such as neo- 
plasia; pericarditis; traumatic myocarditis; and idio- 
pathic myocarditis, especially in boxers and Doberman 
pinschers. Inherited ventricular tachycardia is reported 
in German shepherds.” Secondary causes are numer- 
ous. Some of the more common include changes in 
autonomic tone; hypoxia; anemia; uremia; sepsis; dis- 
seminated intravascular coagulation and other coagu- 
lopathies; gastric dilation-volvulus; pancreatitis; nutri- 
tional deficiencies; and certain endocrinopathies (es- 
pecially thyrotoxicosis). Cardioactive drug toxicities 
and certain anesthetics may be causative. 


ECG Characteristics 


l. Premature, ectopic QRS complexes are widened, 
bizarre, and often of large amplitude. The T wave 
is directed opposite to the QRS deflection. 

2. Heart rate is usually normal. The rhythm is irregu- 
lar due to the premature QRS complex that disrupts 
the normal sinus rhythm. 

3. P waves are normal but are not associated with the 
premature, ectopic QRS-T complex. Independent 
normal P waves may precede, be within, or follow 
the VPC. 


4. The ventricular origin of the VPCs can be suggested 
as follows: If the major QRS deflection is negative 
in lead II, the ectopic focus is in the left ventricle; 
the reverse is true for right-sided VPCs. 

5. A compensatory pause usually follows a VPC. The ec- 
topic ventricular impulse generally cannot pene- 
trate the atrium retrogradely through the AV junc- 
tion (see Figure 6-45). Therefore, the SA node is 
not depolarized and reset as usually occurs with 
supraventricular premature depolarizations, and 
the sinus rhythm continues undisturbed after the 
VPC. The R-R interval of the sinus-initiated QRS 
complexes on either side of the VPC equals twice 
the normally conducted R-R interval. 

6. VPCs of identical shape are called unifocal; when 
ectopic QRS complexes are variable, they are 
termed multiform or multifocal VPCs. 


Ventricular Tachycardia 
(Figs. 6-42, 6-43; see also Figs. 18-21 through 18-24, 
19-8, 19-9) 


Tachycardias that are depicted by wide QRS com- 
plexes (CANINE >0.65 sec; FELINE >0.4 sec) are 
usually associated with ventricular tachycardia. Differ- 
ential diagnoses of wide QRS tachycardia include supra- 
ventricular tachycardia with (1) aberration, (2) pre- 
existing or functional bundle branch block, or (3) 
conduction over an accessory pathway. 

A continuous series of three or more successive VPCs 
is termed ventricular tachycardia. It may be intermit- 
tent (e.g., paroxysmal) or persistent and sustained. 
Ventricular tachycardia is generally considered a seri- 
ous and life-threatening tachyrhythmia that may cause 
hemodynamic impairment (e.g., syncope, weakness, 
hypotension) or electrical instability (e.g., ventricular 
fibrillation). Similar conditions that cause VPCs also 
predispose to ventricular tachycardia. 
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Sustained ventricular tachycardia from a dog with gastric torsion. There is no relationship between 
the QRS complexes and the P waves (called atrioventricular dissociation). 


ECG Characteristics 


1. Ectopic ventricular rate: 

CANINE— Greater than 100 beats/minute with a 
regular rhythm. Rates between 60 and 
100 are termed idioventricular tachycar- 
dia or enhanced ventricular rhythm. 

FELINE—Usually greater than 150 beats/min- 
ute. 

2. Ectopic QRS complexes are wide and bizarre, with 
T waves directed opposite the QRS deflection. 

3. P waves, if visible, are normal in contour, but there 
is no association between them and the ventricular 
extrasystoles (termed “AV dissociation”). The inde- 
pendent normal P wave may precede, be within, or 
follow the VPC. 

4. Fusion complexes imply ventricular activation from 
two different foci. 

5. Capture beats by normal sinus-initiated rhythm or 
complexes may be present. 


Ventricular Flutter and Fibrillation 
(Fig. 6-44; see also Figs. 18-22 and 19-9) 


These arrhythmias result in loss of consciousness 
and are usually fatal within minutes unless successful 
intervention is provided. Ventricular fibrillation is a 
terminal arrhythmia associated with cardiopulmonary 
arrest. Ventricular contractions are weak and uncoor- 
dinated and do not eject blood (cardiac output 
ceases). The ECG shows irregular, chaotic, and de- 
formed deflections of varying amplitude, width, and 
shape. Immediate defibrillation and cardiopulmonary 
resuscitation must be undertaken (chapter 21). Ven- 
tricular flutter presents as a sine wave in appearance, 
which is characterized by regular, large oscillations and 
may progress to ventricular fibrillation. They may not 
be easily distinguishable from rapid ventricular tachy- 
cardia. 


ECG Characteristics 


1. In ventricular fibrillation there are no discernible 
P-QRS-T complexes. Irregular, chaotic, low-voltage 
waves are present on the ECG. 

2. There are two morphologic types of ventricular fi- 
brillation: coarse (large oscillations) and fine ampli- 
tude. The latter is associated with worse survival 
rates. 

3. Ventricular flutter displays regular, rapid, large sine 
wave-like oscillations. 


Ventricular Asystole 


Ventricular asystole denotes the absence of ventricu- 
lar complexes and cardiac output. Associated with car- 
diopulmonary arrest, it carries a grave prognosis.” 
Ventricular asystole may be caused by severe SA block 
or sinus arrest, third-degree AV block, severe electro- 
lyte or acid-base disorder, or other terminal systemic 
diseases. 


ECG Characteristics 


In cardiopulmonary arrest, there are no wave forms 
on the ECG—only a straight line. If associated with 
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Coarse ventricular fibrillation. Disorganized oscillations without 
recognizable QRS-T deflections are evident. (From Tilley LP: 
Essentials of Canine and Feline Electrocardiography. 3rd ed. 
Philadelphia, Lea & Febiger, 1992, with permission.) 
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third-degree (complete) AV block, normal P waves 
occur but no QRS complexes are present. With severe 
SA block or arrest, the faster the original rate, the 
longer the period of asystole. 


ADVANCED 
ELECTROCARDIOGRAPHIC 
CONCEPTS AND TECHNIQUES 


LADDER DIAGRAMS (Figs. 6-45 and 6-46) 


The ladder (Lewis) diagram is a graphic illustration 
of cardiac impulse formation and conduction. It is 
used to enhance understanding of arrhythmias and 
conduction disorders.*! *° 


FIGURE 6-45 


ABERRANT CONDUCTION 
(Fig. 6-47; see also Figs. 18-3 and 19-4) 


Aberration refers to abnormalities of a supraventric- 
ular impulse with abnormal or bizarre intraventricular 
conduction.** It occurs when a premature impulse 
conducts through cardiac tissue (bundle branches, 
Purkinje fibers, or myocardium) that is in its absolute 
or relative refractory period. This may be related to 
changes in cycle length, functional alterations in cellu- 
lar electrophysiologic properties, electrolyte and meta- 
bolic abnormalities, or toxic drug effects. A form of 
aberrancy associated with effects of changing cycle 
lengths on refractoriness is known as the Ashman phe- 
nomenon. Duration of refractory period is related to 
the immediately preceding cycle length—the longer 
the preceding cycle, the longer the refractory period. 


Technique describing use of the atrioventricular (AV) ladder diagram. (A) First, use a ruler to line 
up the beginning of the P waves with a subsequent vertical line drawn at the A (atrial) level. Then, 
line up the beginning of the QRS (Q wave) with the ventricular (V) level, and draw a corresponding 
vertical line. Finally, indicate AV conduction by connecting the bottom of the atrial line with the top 
of the ventricular line. A dot indicates the site of impulse formation. (B) The first two interpolated 
VPCs have penetrated the AV junction completely, rendering it temporarily refractory, and 
preventing ventricular conduction of the subsequent sinus-initiated P wave. A compensatory pause 
occurs after the third VPC. (From Tilley LP: Essentials of Canine and Feline Electrocardiography. 
3rd ed. Philadelphia, Lea & Febiger, 1992, with permission.) 
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FIGURE 6-46 
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Representative examples of the atrioventricular (AV) ladder diagram: (1) Atrial premature complex 
(APC) with normal conduction; (2) APC with aberrant ventricular conduction (also used to illustrate 
left and right bundle branches); (3) nonconducted APC; (4) AV junctional premature complex with 
anterograde ventricular and retrograde atrial conduction; (5) ventricular premature complex (VPC) 
with partial penetration of the AV junction; (6) Fusion complex between a sinus impulse and an 
ectopic ventricular impulse; (7) APC and one reciprocal complex (re-entry) with aberrant ventricular 
conduction. (From Tilley LP: Essentials of Canine and Feline Electrocardiography. 3rd ed. 


Philadelphia, Lea & Febiger, 1992, with permission.) 


Sudden prolongation of the immediately preceding 
cycle length with a relatively constant heart rate may 
cause aberration. The refractory period of the right 
bundle branch normally exceeds that of the left bun- 
dle branch. Therefore, aberration due to the Ashman 
phenomenon usually shows a RBBB configuration and 
must be differentiated from VPCs. If a P’ wave having 
a slightly prolonged P’-R interval precedes the aber- 
rant QRS complex, intraventricular aberrant conduc- 
tion of a supraventricular premature complex (versus 
a ventricular premature complex) is suggested (Fig. 6- 
47). 


ECG Characteristics (Aberrancy Due to the 
Ashman Phenomenon) 


1. Relatively long cycle immediately preceding the cy- 
cle terminated by the aberrant QRS complex. 


FIGURE 6-47 


Aberrant ventricular conduction recorded from a dog. Atrial 
tachycardia is initiated by an APC (after the second sinus 
complex). This first APC contains a long P’-R interval with 
aberrant ventricular conduction (arrow). This aberrancy may 
represent the Ashman phenomenon, owing to the long cardiac 
cycle that preceded the short cycle. Secondary ST-T changes are 
also present. (From Tilley LP: Essentials of Canine and Feline 
Electrocardiography, 3rd ed. Philadelphia, Lea & Febiger, 1992, 
with permission.) 
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RBBB pattern of the aberrant QRS. 

3. Noncompensatory pause following the aberrant QRS 
complex. 

4. Irregular coupling of the aberrant QRS. 


CONCEALED CONDUCTION 
(Figs. 6-45 and 6—46) 


Concealed conduction explains the phenomenon of 
incomplete cardiac impulse conduction through spe- 
cialized conduction tissue (e.g., AV node) and empha- 
sizes the importance of deductive reasoning in arrhyth- 
mia analysis. The effect of incompletely conducted 
impulses on subsequent electrocardiographic tran- 
scriptions is manifested by changes in the ensuing 
P-QRS-T complexes.?! ®+ ° For example, retrograde 
impulse transmission of VPCs into the AV node may 
cause (l) conduction delay (i.e., prolonged conduc- 
ton of normal supraventricular impulses down 
through the AV node, resulting in P-R interval prolon- 
gation [1° AV block]), (2) block of P wave transmission 
(e.g., 2° AV block); (3) displacement of the normal 
sinus pacemaker to another focus, (4) conduction en- 
hancement, or (5) a combination of these. Although 
the presence of concealed conduction may often be 
deduced, further studies may be needed to confirm 
this possibility. 


PARASYSTOLE 


This term refers to arrhythmias characterized by 
(1) a varying coupling interval between the ectopic 
(parasystolic) complex and dominant, sinus com- 
plexes, (2) a common minimal time interval between 
interectopic intervals, with longer interectopic inter- 
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vals representing multiples of the minimal interval; the 
ectopic impulse is independent of, and “protected” 
from discharge by the dominant (sinus) rhythm, and 
(3) fusion complexes. This arrhythmia may originate 
in atrial AV junctional or ventricular tissues. 


RE-ENTRY (see Fig. 6-46) 


Re-entry is a mechanism underlying many tachyar- 
rhythmias (chapters 16 and 18). The electrical impulse 
that activates a cardiac tissue returns by a different 
pathway to reactivate the same tissue and thus, initiate 
reciprocating arrhythmias. ® Purkinje fibers, ische- 
mic myocardial tissue, bundle branches, His bundle, 
AV nodal tissue, and accessory AV pathways (WPW 
syndrome) all may function as a re-entrant circuit. 


CONTINUOUS ECG (HOLTER) 
MONITORING (Fig. 6-48; see also Fig. 18-21) 


The short, resting, lead II rhythm strip as generally 
performed during clinical examination has limited 
ability to intercept many arrhythmias. To enhance 
rhythm-sampling duration, continuous monitoring 
may be applied. This technique employs a precordial 
lead system (two or three electrodes positioned on the 
chest wall) connected to a portable, battery-powered 
ECG monitor. The ECG signal is recorded on magnetic 
tape or solid state unit, which is then analyzed by a 
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FIGURE 6-48 


Printouts of a displayed time segment from a Holter monitor 
system. Paroxysmal ventricular tachycardia can be easily recognized 
and correlated with the time of occurrence by referring to digital 
time entries displayed adjacent to the ECG data. By this technique, 
arrhythmias can be recognized and graphically enlarged for 
complete analysis, (Courtesy of Del Mar Avionics, Irvine, 
California.) 


special scanner (Fig. 6-48) or by using computerized 
techniques. 

Indications for long-term ECG monitoring include 
the need (1) to demonstrate suspected paroxysmal 
tachyarrhythmias, bradyarrhythmias, or conduction 
disorders when the routine ECG fails to record an 
arrhythmia, (2) to associate known rhythm distur- 
bances with clinical signs such as syncope, (3) to docu- 
ment arrhythmias with hemodynamic significance, (4) 
to demonstrate arrhythmias with the potential for elec- 
trical instability, and (5) to assess efficacy of antiar- 
rhythmic or pacemaker therapy (see chapter 18).%” ® 

To highlight the relative lack of diagnostic accuracy 
provided by brief lead II rhythm strip recordings com- 
pared with 48-hour continuous monitoring, one study 
compared the two techniques: the percentage of dogs 
with no ventricular arrhythmias recorded on ECGs 
performed every 6 hours, but with arrhythmia re- 
corded by 48-hour continuous monitoring, was 25 per- 
cent when more than 3000 VPCs/hour were present; 
50 percent with 1000 to 3000 VPCs/hour; and 100 
percent with 10 to 300 VPCs/hour. 


TRANSTELEPHONIC 
ELECTROCARDIOGRAPHY 


Transtelephonic electrocardiography is well estab- 
lished in veterinary and human medicine and can 
accurately characterize rhythm disturbances and con- 
duction abnormalities. It utilizes a small, portable, bat- 
tery-powered, transistorized ECG preamplifier that 
converts ECG signals into tones that can be transmitted 
over the telephone line to a central receiving center 
staffed by specialists.°’ 

In a clinical review of 2000 consecutive transtele- 
phonic canine ECGs, 18 types of arrhythmias were 
detected in 20 percent (396) of the dogs. These in- 
cluded supraventricular arrhythmias (APCs, atrial 
tachycardia, atrial fibrillation, and atrial flutter); ven- 
tricular arrhythmias (VPCs, ventricular tachycardia and 
fibrillation); conduction disorders (1°, 2°, and 3° AV 
block, SA block and/or arrest, atrial standstill, and 
ventricular pre-excitation). Technical limitations of 
transtelephonic electrocardiography include attenua- 
tion of recorded voltages and inadequate frequency 
response of the mechanical system (recorder stylus), 
but these do not interfere with arrhythmia interpreta- 
tion and diagnosis. 


COMPUTED ELECTROCARDIOGRAPHY 


Computed interpretation of the electrocardiogram 
has developed in human medicine; its contributions 
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include improved technical ECG quality; reduced need 
for medical record storage and improved routine sur- 
veillance for abnormalities; enhanced data retrieval; 
stimulated teaching; and reduced time needed for 
analysis and interpretation.® Manufacturers of electro- 
cardiograph machines have added computed assess- 
ment of P-QRS-T wave forms to many of their newer 
models. The clinician should be wary of relying on 
these computed assessments, however, as they have 
been calibrated for human patients. In veterinary med- 
icine, computed ECG analysis is still an emerging 
field.” In both human and veterinary application, it is 
mandatory that all ECGs be reviewed by an electrocar- 
diographer so that computer analysis not be the final 
assessment. Currently available software programs can- 
not accurately interpret many complex arrhythmias, 
although they are effective in diagnosing common 
problems. 


INTRACAVITARY 
ELECTROCARDIOGRAPHY (Fig. 6-49; see 
also Fig. 18-12) 


A routine ECG does not provide detailed informa- 
tion about conduction system activation and may not 
indicate the presence of atrial activity (P waves). Intra- 
cavitary recordings can generate a cardiac electrogram 
using uni-, bi-, tri-, quadri-, or hexapolar catheters 
inserted in the right atrium or ventricle.*! 5> 6 Special 
His bundle catheters can provide a His bundle ECG 
that records atrial and ventricular activity, atrium-to- 
His bundle conduction, His bundle-to-ventricle con- 
duction, and other information. Atrial activity in com- 
plex tachyarrhythmias may be uncovered, aberrant 
ventricular conduction detected, site of AV block deter- 
mined, conduction intervals between the atrium and 
His bundle and between the His bundle and ventricles 
defined, and arrhythmia ablation or cardiac pacing 
facilitated. 


SIGNAL-AVERAGING 
ELECTROCARDIOGRAPHY 


Signal-averaging electrocardiography (SAECG) is a 
technique for evaluating ventricular late potentials that 
occur during the terminal phase of the QRS complex 
or during the S-T segment. They represent low-ampli- 
tude (usually less than 1 uV) and high-frequency elec- 
trical activity." ” Specially placed surface electrodes 
are used to evaluate three bipolar ECG leads by a 
signal-averaging computer. The computer amplifies, 
filters, digitally samples, and then signal-averages the 
complexes to remove extraneous noise from the signal. 

Ventricular late potentials occur in areas of injured 
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FIGURE 6-49 


(A) Canine bundle of His (His) electrogram (bottom) recorded 
simultaneously with a right atrial (RA) electrogram (middle) and a 
lead II electrocardiogram (top). (P, P wave; R, R wave; A, atrial 
deflection; H, His bundle deflection; V, ventricular deflection.) 
(B) His bundle electrogram (from [A] above) related to the 
corresponding conduction system sites illustrated by the in situ 
cardiac diagram. (C) Same scheme as in (A). The third complex 
from left (arrow) on the lead II ECG is of supraventricular origin. 
The P’ wave is premature; the His bundle electrogram displays a 
lengthened A’-H’ interval due to prolonged conduction through 
the AV node, which has not fully recovered from the previous 
impulse. The third complex (R’) represents aberrant conduction, 
(From Tilley LP: Essentials of Canine and Feline 
Electrocardiography. 3rd ed. Philadelphia, Lea & Febiger, 1992, 
with permission.) 


myocardium that may serve as a site for re-entry and 
development of ventricular arrhythmias. Studies have 
shown SAECGs to identify some human patients who 
are at increased risk for developing sustained ventricu- 
lar tachycardia and, to a lesser extent, sudden death. 
Experience in veterinary medicine is currently limited 
with SAECGs. Some boxers and Doberman pinschers 
with cardiomyopathy have been identified with ventric- 
ular late potentials on SAECGs. A few also had ventric- 
ular arrhythmias and experienced sudden death.” 
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Radiology 


PETER F. LORD 
PETER F. SUTER 


ROLE OF RADIOLOGY IN DIAGNOSIS AND 
MANAGEMENT OF THORACIC DISEASE 


Thoracic radiography forms the cornerstone for evaluation of cardiopul- 
monary disease.'*? Its value is to (1) provide direct information about 
cardiovascular size and shape; (2) indicate lesions or abnormalities in lung 
parenchyma, airways, and pleural and mediastinal spaces; (3) indirectly 
assess cardiopulmonary circulation; (4) reflect the degree of heart failure; 
and (5) disclose and help assess noncardiac conditions. A careful and system- 
atic thoracic radiographic examination may facilitate, confirm, or exclude a 
particular clinical diagnosis suspected from the history and physical examina- 
tion. It also aids in assessing the severity and significance of known heart 
disease and helps evaluate therapeutic efficacy. 

Although many cardiorespiratory disorders manifest with similar clinical 
signs (e.g., coughing, dyspnea, fainting, or cyanosis), heart failure often can 
be differentiated from respiratory disorders on the basis of radiographic 
features. This is especially true when the history, clinical signs, and physical 
examination are not specific enough to confer a definitive diagnosis. Radio- 
logic information may also illustrate the need for other diagnostic tests that 
would not otherwise be considered. 

Echocardiography cannot replace radiography for evaluation of the 
coughing or dyspneic patient. The echocardiogram often provides useful 
information about cardiac anatomy and function. However, only radiography 
will indicate certain hemodynamic consequences of heart failure (e.g., pul- 
monary congestion), provide information about the respiratory system, help 
identify and differentiate clinical abnormalities attributable to many sys- 
temic, noncardiac diseases, and assist in assessing therapeutic response. 
Contrast studies such as angiocardiography (chapters 9, 24) and pericardiog- 
raphy (chapter 29) have declined in importance with the growing refine- 
ment of echocardiography. However, these techniques still maintain a place 
for definitive diagnosis of certain conditions. Thus, knowledge of cardiac 
anatomy is essential (Fig. 7-1). 


RADIOGRAPHIC QUALITY 


The natural contrast provided by air in the lungs outlines the heart, 
mediastinum, thoracic wall, diaphragm, and pulmonary structures. The 
opacity of the ribs, spine, and muscle mass is minimized, while the lungs 
and airways are optimally exposed. 
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FIGURE 7-1 


i 


Schematic diagrams of the normal canine cardiac silhouette illustrating radiographic anatomy. (A, 
B) Right lateral view; (C) dorsoventral view. a, left atrium; b, left ventricle; c, right ventricle; d, right 


atrium; e, ascending aorta; f, pulmonary trunk. 


TECHNICAL FACTORS 


The clinician must master the technical factors that 
produce high-quality thoracic images." ° Time and ef- 
fort spent in perfecting appropriate technique im- 
proves diagnostic accuracy. Poor image quality leads to 
frustration or misdiagnosis. 

A technique chart that uses high kilovoltage (kV) 
and low milliamp-seconds (mAs) is best for thoracic 
radiography because it (1) minimizes exposure time, 
(2) reduces motion unsharpness, and (3) produces a 
low-contrast, high-latitude image that is ideal for tho- 
racic organ interpretation. The exposure must place 
the parenchyma in the middle of the grey scale. The 
high latitude technique will ensure that some contrast 
remains in the spine and mediastinum. To avoid un- 
der- or overexposure, technique corrections must 
accommodate variations in proportion of tissue to 
air associated with breeds (e.g., bulldog vs. Afghan 
hound); chest conformation (e.g., obese vs. emaci- 
ated); and known diseases (e.g., pleural effusion vs. 
pneumothorax). 

Standard development (either by the time-tempera- 
ture method using fresh developer and fixer or an 
automatic film processor) is another essential element 
for reproducible diagnostic films. Old developer and 
fixer mars image quality. 

Tranquillization (chapter 38) should be used judi- 
ciously and at a low dose when necessary to achieve a 
diagnostic image. In an uncooperative animal, poten- 
tial risks of sedation should be weighed against the 
loss of diagnostic information from a distorted image, 
motion unsharpness, and underinflated lungs. Seda- 
tion may cause less stress than is incurred by manual 
restraint of a struggling animal, except in some states 


of shock or other conditions in which cardiac output 
is severely reduced. 


EXPOSURE TIMES 


“Fogging” caused by scattered radiation is not a 
great problem because most of the thorax contains 
air. It is more important that short exposure times 
(maximum 0.02 s) be used to offset effects of motion. 
For this reason, a grid should not be used even on 
fairly large dogs, if it increases exposure time so much 
that a blurred image would result. Rare earth screens 
can be 400 percent faster than standard high-speed 
screens, with no decrease in resolution. Their use, 
combined with an accurate electronic timer, usually 
will ensure acceptable films from a low-power machine. 
Exposure must be sufficient in the ventrodorsal (VD) 
or dorsoventral (DV) view to differentiate mediastinal 
structures, including aortic arch, descending aorta, 
main pulmonary arteries, trachea, and main bronchi. 


RADIOGRAPHIC POSITIONING 


Animals must be positioned straight since even slight 
obliquity in either lateral, ventrodorsal, or dorsoventral 
views distorts the cardiac silhouette and the dia- 
phragm?“ and displaces the anatomic relationships be- 
tween bronchi and pulmonary vessels. This makes it 
difficult to distinguish normal from abnormal struc- 
tures. Radiographic positioning should be standard- 
ized. Either the right or left lateral view, or the DV 
or VD view, should be used routinely so that slight 


differences between views” ê are not misinterpreted as 
abnormalities. 


RESPIRATORY PHASE 


Ideally, radiographs should be exposed at peak inspi- 
ration to optimize contrast and detail.*:’ In dogs, radio- 
graphic changes have been reported relative to phase 
of respiration. 


LATERAL RADIOGRAPH EXPOSED AT FULL INSPIRATION 
(compared to full expiration). At full inspiration there 
is (1) increased size of lung lobes cranial to the cardiac 
silhouette, (2) slight elevation of the silhouette from 
the sternum, (3) increased ventral tracheal angulation 
over the heart, (4) a flatter diaphragm with greater 
separation of diaphragm from caudal cardiac border, 
(5) a wider lumbar-diaphragmatic angle (generally 
caudal to T-12), and (6) a thinner, more elongated 
and distinct caudal vena cava that is more parallel to 
the vertebral column. 


VENTRODORSAL RADIOGRAPH EXPOSED AT FULL INSPIRA- 
TION (compared to full expiration). At full inspiration 
there is (1) a smaller cardiac silhouette (more appar- 
ent than real due to decreased cardiothoracic ratio), 
(2) increased thoracic width (especially caudal to the 
6th rib), (3) increased thoracic cavity length, (4) dia- 
phragmatic dome positioned caudal to mid T-8, (5) a 
wider cardiodiaphragmatic angle with decreased cardi- 
odiaphragmatic contact, and (6) a costodiaphragmatic 
angle located caudal to T-10. 


FIGURE 7-2 
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DIFFERENCES BETWEEN 
RADIOGRAPHIC VIEWS 


In lateral views, sternal contact is often greater in 
the left than the right lateral view, particularly in 
round-chested dogs (Fig. 7-2). The heart rotates 
slightly in the craniocaudal axis due to its weight, and 
it can move to a greater extent in a wide than in a 
thin thorax. Because increased sternal contact is a sign 
of right heart enlargement in the right lateral view, 
observation of normal contact as viewed in the left 
lateral view may be mistakenly interpreted as enlarge- 
ment, especially if congenital heart disease or heart- 
worms are suspected. Consistency with follow-up exam- 
inations is more important than which view is chosen 
initially,” ê so that slight differences in shape are not 
mistaken for pathology. 

Special conditions may affect the choice of DV or 
VD views. The animal may be uncomfortable or 
dyspneic, for example, and may not tolerate certain 
positions. It may be more difficult to pull the forelegs 
forward in the DV view. In addition, the hilar area and 
the pulmonary arteries in the caudal lobes are more 
sharply delineated in the DV view because the dorsal 
lung is better inflated with the animal in the prone 
position," ê making subtle signs of heartworm disease 
and peribronchial lesions more likely to be diagnosed. 
On the other hand, the projection of the lung field is 
larger in the VD view. In the cat, the lungs are nor- 
mally better inflated in the VD views because the tho- 
rax is more expanded.’ Mild pleural effusion may be 
missed in the VD view because the fluid gravitates to 
the paraspinal gutters formed by the rib curvature. 
Taking advantage of this fact, the suspicion of pleural 


Left (A) and right (B) lateral views of a normal St. Bernard, a breed with a round thoracic 
conformation. Notice that sternal contact appears greater in the left compared with the right lateral 
view. These variations in cardiac shape and contact must not be misinterpreted as cardiac pathology. 
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effusion suggests use of a VD view if cardiac size and 
shape are to be evaluated, because fluid is less likely 
to obscure the cardiac silhouette in the VD than in 
the DV view.” $ 


LATERAL VIEWS 


Obliquity makes the heart appear rounder. Instead 
of being superimposed on each other, the main stem 
bronchi are tilted, giving the impression of left atrial 
enlargement. When the thorax is straight in the lateral 
view, the dorsal arches of the ribs on each side will 
line up with each other. 


DV AND VD VIEWS 


The tips of the spinous processes should be within 
the bounds of the vertebral bodies.* The heart is more 
elongated in the VD than in the DV view. The tech- 
nique must be set so that vessels are clearly visualized. 


EXPOSURE TIMING 


Ideally, the radiograph should be exposed at the 
peak of natural inspiration." * 7 Poorly inflated lungs 
are a major source of misdiagnosis. Obese and panting 
dogs may not breathe deeply enough to provide good 
inspiration. Differences in inspiration and expiration 
were discussed earlier under Respiratory Phase. 


EVALUATING CARDIAC SIZE 
AND SHAPE 


Variations in conformation, positioning, and tech- 
nique may create a false appearance of cardiac enlarge- 
ment in animals suspected of having heart disease. 
Physiologic rather than pathologic conditions may af- 
fect heart size. The stage of respiration has been men- 
tioned as an important factor. 


CANINE BREED CONFORMATION 


Normal variations in breed conformation can result 
in greater differences in relative heart size and shape 
than is caused by heart disease within a particular 
breed.':? It is essential to consider cardiac size and 
contour with reference to the particular conformation 
of the dog. 


DEEP- AND NARROW.CHESTED DOGS. These have an elon- 
gated, more vertically oriented heart. In the DV view 
the heart may appear almost circular in shape. 


ROUND-CHESTED DOGS. This other extreme in confor- 
mation may cause the heart to appear rounder and 
larger in the lateral view, with greater sternal contact. 
These hearts appear ovoid on the DV or VD views. 


PUPPIES. Normally, puppies have relatively slightly 
larger hearts than do adult dogs. This can lead to an 
erroneous misdiagnosis of cardiomegaly in some cases. 


OBESITY. Fat deposited around the heart can create 
the impression of cardiomegaly, particularly in the VD 
or DV view, which must be taken into consideration 
when evaluating the cardiac silhouette of obese ani- 
mals. 


FELINE BREED CONFORMATION 


Cats have far less breed-related cardiac variation 
than dogs. Variation, when it occurs, is more individual 
rather than breed related.’ The angle of cardiac long 
axis orientation is more variable than is the heart 
shape. Age-related changes in the feline cardiac silhou- 
ette have been reported. An exaggerated “horizontal” 
alignment of the heart (increased sternal contact) and 
tortuous, redundant aorta are a common variation in 
older cats.'° 


INFLUENCE OF THE CARDIAC CYCLE 
AND CIRCULATING BLOOD VOLUME 


The stage of the cardiac cycle has a slight effect on 
size and shape.!! External transverse diameter changes 
only 7 percent to make a volume change from diastole 
to systole of 50 percent in the normal ventricles.'* This 
is because the linear dimensions are cubed to give 
volume measurements. Similarly, proportionately large 
increases in internal volume will cause a relatively small 
increase in external dimensions. 

Changes in circulating blood volume have a major 
effect on cardiac size. Congestive heart failure in- 
creases blood volume and cardiac size. Dehydration 
(e.g., overdiuresis) may mask mild cardiac enlarge- 
ment. Severe hypovolemia as may occur with hypoadre- 
nocorticism or hemoperitoneum may reduce cardiac 
size. 


METHODS OF CARDIAC 
EVALUATION 


The heart may be evaluated by three methods: (1) 
the empiric method based upon memory (i.e., a men- 


tal “library” of normal appearances and associated 
variations); (2) objective methods to evaluate cardiac 
enlargement, measuring dimensions, ratios, and areas.'*'* 
In the dog these efforts can be defeated by variations 
in conformation, positioning, and radiographic tech- 
nique. However, a vertebral scale system to measure 
canine radiographic heart size has been reported, with 
good correlation between cardiac size and body length 
regardless of conformation;'* and (3) a comparative 
method evaluating heart enlargement using previous 
films of the same animal, or films from an animal of 
the same breed. The last is generally the best method 
of evaluation." 

In contrast to the dog, the cat has little variation 
in conformation. Therefore, cats are more amen- 
able to measurements of relative and absolute heart 
size.” 10, 16, 17 


LIMITATIONS OF RADIOGRAPHIC 
ASSESSMENT FOR CARDIAC 
ENLARGEMENT 


The ability to evaluate chamber enlargement accu- 
rately by radiography is probably overrated.'* A range 
of normal variations in cardiac size and shape overlaps 
pathologic enlargement and can be influenced by 
technical factors, positioning, and breed conforma- 
tion." Thus, heart enlargement should be evaluated 
only within the context of other clinical findings. 

Cardiac shape changes are usually easier to detect 
than are small changes in cardiac size. Noncardiogenic 
factors influencing cardiac shape include (1) breed 
conformation (especially dogs), (2) obesity, (3) stage 
of respiration and cardiac cycle, (4) dehydration or 
overhydration, (5) pleural effusion, and (6) poor ra- 
diographic positioning. Overdiagnosis of enlargement 
is common because of the desire to attribute clinical 
signs to congestive heart failure, especially when a 
heart murmur is present.’ In contrast, with many car- 
diovascular disorders, whether or not clinical signs are 
present, the cardiac silhouette may appear radiograph- 
ically within the normal range (Table 7-1). Therefore, 
lack of cardiomegaly does not always indicate absence 
of disease. 


THE SMALL HEART 


CLINICAL CAUSES. A small heart may result from de- 
creased venous return. Etiologies include dehydration, 
overinflated lungs (physiologic, e.g., hyperpnea or up- 
per airway obstruction; or pathologic, e.g., emphy- 
sema), shock, pneumothorax, and obstruction to ve- 
nous inflow.? 
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TABLE 7-1 
Conditions That May be Associated with a Relatively 
Normal Cardiac Silhouette 


Small atrial and ventricular septal defects 

Mild aortic and pulmonic stenosis 

Functional murmurs 

Bacterial endocarditis (early) 

Focal myocarditis 

Hypertrophic cardiomyopathy (mild) 

Mild mitral or aortic regurgitation 

Conduction disturbances 

Constrictive pericarditis 

Neoplasia 

Congestive heart failure overtreated with diuretics 
(dehydration) 


` 


RADIOGRAPHIC APPEARANCE. In the lateral view, the 
long cardiac axis is shorter, making the trachea appear 
farther than normal away from the spine. The right- 
sided heart border and apex may be separated from 
the sternum, creating a gap that may be mistaken for 
pneumothorax, particularly on radiographs with too 
much contrast or that are overexposed. The apex is 
more pointed, and the transverse cardiac dimension is 
narrower. In the DV or VD view, the cardiothoracic 
ratio is decreased (Fig. 7-3). 


GENERALIZED CARDIAC ENLARGEMENT 


CLINICAL CAUSES. The cardiac silhouette generally en- 
larges in response to volume overload or myocardial 
failure or both. Volume overload may be caused by 


FIGURE 7-3 


Right thoracic radiograph of a 10-year-old, hypovolemic German 
shepherd in shock. Notice the small heart with the apex displaced 
away from the sternum; thin, spindly pulmonary vessels; and a very 
thin caudal vena cava. These changes are associated with severe 
hypovolemia. 
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valvular incompetence, central or peripheral arteriove- 
nous shunts (e.g., patent ductus arteriosus, arteriove- 
nous fistula, unrestrictive ventricular septal defects), 
or severe bradycardia (e.g., complete heart block). 
Myocardial failure may be primary (e.g., idiopathic 
dilated cardiomyopathy), or it may occur secondary to 
the chronic high wall stress of severe volume overload. 


Myocardial failure cannot be directly assessed by radi-. 


ography. It may be determined by echocardiography 
noninvasively (chapter 8), cardiac catheterization and 
angiography (chapters 9, 24), or nuclear imaging or 
MRI (chapter 10). 

The heart is enclosed in the pericardium, which 
under normal conditions tends to minimize focal pro- 
trusion of individual chambers. In most diseases, how- 
ever, more than one chamber is affected by a volume 
or pressure load. For example, if the left ventricle fails 
from mitral regurgitation, the right ventricle may then 
fail secondarily, followed by right atrial and ventricular 
dilation. Neuroendocrine compensatory mechanisms 
cause fluid retention, which increases preload and con- 
tributes to volume overload and cardiac dilation. Thus, 
all chambers may be enlarged by certain lesions affect- 
ing the left ventricle. 


RADIOGRAPHIC APPEARANCE. Cardiac enlargement is 
determined by the size of the heart compared with the 
thorax, and by displacement of adjacent structures. 
The heart appears wider in the craniocaudal, trans- 
verse, and long axes in both projections, and is gener- 
ally rounder than normal (Figs. 7—4, 7-5, 7-6; see also 
Figs. 13-2, 13-3, 24-57A, 25-7, 27-4, 29-6, 29-16). 
The trachea is displaced dorsally, and the caudal vena 
cava may slope upward from the diaphragm to the 
heart. 

In the VD/DV view, cardiothoracic ratios may be 
increased with generalized cardiomegaly (Fig. 7-63; 
see also Figs. 25-7, 28-9A). The ratio of the maximal 
transverse width of the heart to the maximal transverse 


FIGURE 7-5 


Schematic diagram showing cardiac changes associated with 
chronic volume overload due to mitral regurgitation (long arrows). 
The inner broken line indicates the left ventricular chamber (LV) 
with associated resultant dilation (called eccentric hypertrophy). The 
outer broken line represents the left ventricle as would occur with 
secondary myocardial failure. Here, the LV is dilated with a 
thinner-than-normal LV wall. These differences in internal 
dimension and wall thickness are not detected on plain 
radiographs. Typical radiographic changes with chronic volume 
overload: the left ventricular border (a) becomes convex; the left 
atrium (LA) enlarges and displaces the left main stem bronchus 
(b); the LA bulges caudally (c); the right ventricular border 
becomes more convex (d) in response to an increased work load 
or myocardial failure; the caudal vena cava (e) is elevated (small 
arrow). 


width of the thorax is greater than the normal 0.6 in 
the dog’ and 0.67 in the cat.'° These ratios are only a 
guide and are affected by variations in stage and depth 
of breathing and pleural and pulmonary diseases. 
Several studies have evaluated methods to assess ra- 
diographic heart size. In dogs, heart measurements 
have not been regarded to be as sensitive as the trained 
eye.!* However, a vertebral scale system has been reported 


FIGURE 7-4 


Schematic diagrams of the 
canine cardiac silhouette, 
showing enlargement of all 
chambers due to volume 
overload and/or myocardial 
failure. (A) Right lateral view; 
(B) dorsoventral view. The left 
ventricular border (a) is 
prominent; the left atrium (b) 
bulges dorsally, caudally, and 
laterally; the right ventricular 
border (c) is more convex and 
the right atrium (d) more 
prominent; the caudal vena cava 
is often widened. 


FIGURE 7-6 
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Generalized cardiac enlargement in a small-breed dog with chronic, severe, atrioventricular valve 
insufficiency (chronic myxomatous valvular degeneration, or endocardiosis). (A) Right lateral view 
showing diffuse interstitial edema in the dorsocaudal lung field and compression of the left 
mainstem bronchus (arrow). (B) Ventrodorsal view showing generalized cardiomegaly. 


to measure canine heart size in radiographs. It uses 
combined lengths of long and short cardiac axes scaled 
against the length of vertebrae above the heart, begin- 
ning with T-4. The sum of long and short axes calcu- 
lated from 100 clinically normal dogs averaged 
9.7+0.5 vertebrae and was found to be generally reli- 
able.'* In cats, the ratio of the craniocaudal width of 
the heart to the distance between the cranial border 
of the fifth rib and the caudal border of the seventh 
rib may be a reliable indicator of cardiomegaly.” 

In states of severe hyperpnea, the heart may not 
appear enlarged relative to the expanded thorax. A 
flat diaphragm and an open spinal-diaphragmatic 
angle are evidence of overinflation. 

In the presence of pleural effusion, the heart is 
hidden, and the only indication of cardiomegaly may 
be the position of the trachea. In the cat, tracheal 
elevation in the presence of pleural effusion has been 
shown to be unreliable because the heart is displaced 
dorsally with moderate and severe fluid accumula- 
tion. In the dog, when the trachea is dorsally dis- 
placed just cranial to the heart, a heart base mass 
should be suspected (see Fig. 29-16); when the trachea 
is elevated over the left atrium, left ventricular and left 
atrial enlargement is most frequently the cause (see 
Figs. 7-6, 25-7) .” 18 

Severe right atrial and ventricular enlargement in 
congenital tricuspid valve dysplasia (Fig. 7-7; see also 
Fig. 24-57B) may resemble severe generalized cardiac 
enlargement or pericardial effusion. However, in the 
former, the apex of the heart is usually still apparent 


but may be obscured by the diaphragm; with moderate 
to severe pericardial effusion, all distinction of specific 
cardiac chambers is lost and replaced by generalized 
rounding of the cardiac silhouette (Figs. 7-13, 29-6 
and 29-16). 


LEFT VENTRICULAR ENLARGEMENT 


CLINICAL CAUSES. In most cardiac disorders, left ven- 
tricular enlargement is accompanied by left atrial en- 
largement. Exceptions may include left ventricular 
pressure overload (e.g., aortic valve stenosis or systemic 
hypertension) and some cases of myocardial disease in 
which left ventricular wall thickening occurs with or 
without minimal left ventricular chamber dilation (Ta- 
ble 7-1). These conditions are best assessed by echo- 
cardiography. Isolated left ventricular enlargement is 
uncommon and difficult to detect by radiography. 


RADIOGRAPHIC APPEARANCE. The entire caudal heart 
border changes in shape from the normal convex to a 
straight or bulging left heart wall formed by the en- 
larged left atrium and left ventricle (Fig. 7—4; see also 
Figs. 13-2, 24-17, 24-35, 24-57A, 24-59, 25-7, 27-5, 
and 344). Left atrial enlargement is a reliable radio- 
graphic indicator of left ventricular disease.* 


LEFT ATRIAL ENLARGEMENT 


CLINICAL CAUSES. The left atrium may enlarge in re- 
sponse to left-sided volume overload (e.g., chronic ac- 
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FIGURE 7-7 


Severe right-sided heart enlargement in a three-month-old bull terrier with severe tricuspid valve 
dysplasia and insufficiency. (A) In the right lateral view the heart has a rounded appearance because 
the apex is elevated and obscured by the diaphragm. This could be confused with generalized 
cardiomegaly or pericardial effusion. (B) The ventrodorsal view reveals gross right-sided enlargement 
by the cardiac apex (arrow), which is displaced toward the 4 o’clock position. 


quired atrioventricular valve degeneration, mitral valve 
vegetative endocarditis, congenital left-to-right shunts 
such as patent ductus arteriosus), most cardiomyopa- 
thies, and mitral valve stenosis.’ > '* -3 High-output 
states such as feline hyperthyroidism and, occasionally, 
chronic, severe anemia will also cause left heart en- 


largement.®! 


RADIOGRAPHIC APPEARANCE. In the lateral view, the 
angle between the trachea and the caudal border of 
the left atrium (dorsal to the caudal vena cava) 
changes with progressive left atrial enlargement from 
obtuse, to a right angle, and then to an acute angle.’ ? 
The caudal border of the heart changes from a normal 
convex shape to a straight, then S-shaped or concave 
appearance (Figs. 7—4 to 7-9; see also Figs. 7-20; 13-2 
to 13-4; 24-17, 24—57A, 24-59). A notch in the caudal 
heart border (caudal waist) may mark the atrioventricu- 
lar groove (Figs. 7-8, 7-9; see also Figs. 7-20; 24-574, 
24-59), accentuated by severe left atrial enlargement. 
The entire caudal trachea, left main stem bronchus 
(especially in dogs), or both bronchi are displaced 
dorsally (Figs. 7-1, 7-5, 7-6A, 7-20; see also Figs. 24— 
17B, 24-35). Small dogs with severe, chronic mitral 
regurgitation may have an especially large left atrium 
that compresses the left main stem bronchus (Fig. 
7-6A), especially with expiration or coughing. These 
dogs are also prone to tracheal collapse, especially 
when obesity is present. Lateral films may have to be 
taken at inspiration and expiration to confirm this 
bronchial collapse if fluoroscopy is not available. Me- 


chanical bronchial impingement by the left atrium 
may induce coughing even in the absence of conges- 
tive heart failure. 

In the VD/DV views, the left auricle may bulge 
beyond the left ventricular border at the 2 to 3 o’clock 


A 


FIGURE 7-8 


Schematic diagrams of feline hypertrophic cardiomyopathy. The 
thickened, stiff, noncompliant left ventricle (LV) increases diastolic 
resistance to ventricular filling (curved arrows). Increased left atrial 
end-diastolic pressure results. This, when combined with mitral 
regurgitation (which usually accompanies changes in the mitral 
valve complex), causes left atrial enlargement. (A) In the right 
lateral view, the large left atrium (LA) displaces the trachea 
dorsally (a); the left atrium bulges caudally and laterally (b), 
creating a notch (open arrow) in the caudal heart border. (B) In the 
dorsoventral (DV or VD) view, the large left auricular appendage 
causes a prominent bulge (b) at 2 to 3 o'clock. The right ventricle 
usually enlarges secondarily to left-sided heart pathophysiology 
and/or tricuspid regurgitation (c). The cardiac apex may shift to 
the right (d) by the enlarged left atrium. 
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FIGURE 7-9 


A cat with hypertrophic cardiomyopathy. (A) In the right lateral view the left side of the heart is 
elongated, causing the overlying trachea to become elevated toward the spine. The heart is wider 
than normal and has a notch (arrow) in the caudal heart border. This indicates left atrial 
enlargement dorsal to the notch. Note the dorsal displacement of the caudal vena cava at its 
junction near the heart. (B) On the ventrodorsal view, there is biatrial enlargement (outlined), 


especially the left atrium. 


position (Figs. 7-6B, 7-9B; see also Figs. 13—4A; 28-94; 
34-4A). With extreme left atrial enlargement, as in 
congenital or long-standing mitral regurgitation, mi- 
tral stenosis, or feline hypertrophic cardiomyopathy, 
the left atrium may be outlined as a distinct mass 
superimposed on the heart.**** It may be most notable 
in the DV/VD view situated between the main stem 
bronchi and is especially evident when employing rela- 
tively high kilovoltage (kV) to visualize the large air- 
ways in the mediastinum. In cats with severe hypertro- 
phic or restrictive cardiomyopathy, the left atrium is 
disproportionately larger than the left ventricle. The 
caudal cardiac waist is accentuated, creating a bean- 
shaped heart in the lateral view (Fig. 7-8A) and a 
prominent left atrial appendage at 2 to 3 o’clock in 
the VD/DV view (Fig. 7-8B; see also Fig. 28-9). The 
VD/DV view is most sensitive for detecting left atrial 
enlargement in cardiomyopathic cats (chapter 28). 
There is no consistent direct relationship between 
left atrial size and the degree of left ventricular failure. 
Often the left atrium is severely enlarged before con- 
gestive heart failure (CHF) develops (Figs. 7-9, 
7-20). ** In chronic mitral regurgitation, the large 
compliant left atrium buffers the lungs from the regur- 
gitated blood. End-diastolic (filling) pressure does not 
increase initially because the ventricle maintains its 


compliance as it enlarges (eccentric hypertrophy).* As 
the regurgitant volume increases and volume of for- 
ward cardiac output falls, diastolic ventricular blood 
volume increases, causing pressure in the pulmonary 
venous capacitance beds to increase (chapters 3, 11). 
Coupled with neuroendocrine system activation, this 
incites compensatory mechanisms of proximal venodi- 
lation, peripheral vasoconstriction, and increased lym- 
phatic drainage to protect the lungs from pulmonary 
edema. The balance of these factors may be upset 
acutely, precipitating alveolar pulmonary edema 
(chapter 13). A contrasting situation exists in the case 
of acute aortic”® or mitral regurgitation. The limits of 
myocardial and pericardial distention are reached with 
a small increase in volume because of inadequate time 
to adapt to the sudden load. Rapidly progressive di- 
lated cardiomyopathy may develop pulmonary edema 
with only moderate cardiac enlargement. 

In feline hypertrophic and restrictive cardiomyopa- 
thies, the stiff left ventricular wall reduces chamber 
compliance, impedes diastolic left atrial emptying dur- 
ing diastole, and increases left ventricular end-diastolic 
filling pressures (chapter 28). Progressive left atrial 
enlargement results, protecting the lungs from acute 
pulmonary edema. There is usually much less dramatic 
change in the external contour of the left ventricle. 
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The heart commonly rotates clockwise on the VD/ 
DV view, so that the apex appears on the right side!® 
(Fig. 7-8B). 


RIGHT ATRIAL ENLARGEMENT 


CLINICAL CAUSES. Most of the disorders causing right 
ventricular enlargement (discussed next) also result in 
right atrial enlargement.” The right atrium dilates 
in response to chronic volume and pressure overloads 
in a manner similar to that in the left atrium. In 
congenital tricuspid valve dysplasia with severe regurgi- 
tation, the right atrium may become huge before con- 
gestive heart failure ensues.” * Radiographic right 
atrial and ventricular enlargement in congenital tricus- 
pid dysplasia may be difficult to differentiate from mild 
to moderate pericardial effusion (Figs. 7-7, 7-13; see 
also Fig. 24—57B). Identifying the apex of a severely 
enlarged heart and evaluating each side is the best 
way to differentiate the presence of right ventricular 
enlargement from generalized cardiomegaly (Figs. 7— 
10, 7-11, 7-12; see Fig. 7-7). A large, right atrial 
hemangiosarcoma may also cause the right atrium to 
bulge slightly. However, the surrounding pericardium 
and the presence of pericardial or pleural fluid render 
the radiographic examination insensitive for this dis- 
ease.” 


RADIOGRAPHIC APPEARANCE. On the lateral view, the 
cardiac silhouette may bulge cranially due to enlarge- 


ment of the right atrial appendage (Figs. 7-4A, 7-74; 
see also Fig. 31-2). The angle formed by the cranial 
vena cava and the cranial heart border will be filled 
in with loss of the cranial waist, and the transverse 
(craniocaudal) cardiac axis will be increased or en- 
larged. The trachea may be elevated as it passes over 
the cranial part of the heart. 

In the DV or VD views, a large right atrium causes a 
bulge at 9 to 11 o’clock on the cardiac silhouette (Figs. 
7-4B, 7-7B; see also Figs. 28-9; 30-7; 34-4A). This is 
caused by enlargement of the right atrial appendage. 


RIGHT VENTRICULAR ENLARGEMENT 


CLINICAL CAUSES. A prominent right ventricle may re- 
sult from high resistance to right ventricular ejec- 
tion.” >? Increased pulmonary vascular resistance may 
occur with chronic lung disease (cor pulmonale); pul- 
monary hypertension (heartworm disease, thrombo- 
embolism, or idiopathic); hypertensive patent ductus 
arteriosus or ventricular septal defect (Eisenmenger’s 
syndrome); and by fixed ventricular outflow obstruc- 
tion as in pulmonic stenosis and tetralogy of Fallot. 
Right ventricular volume overload or myocardial 
failure also causes right ventricular and atrial enlarge- 
ment.” * Causes include congenital or acquired tricus- 
pid or pulmonic valve insufficiency; dilated cardiomy- 
opathy; severe left-sided heart disease (especially 
endocardiosis with severe mitral regurgitation); and, 
uncommonly, large ventricular septal defect with left 


FIGURE 7-10 


Schematic diagrams of right 
ventricular enlargement caused 
by a pressure overload (e.g., 
pulmonic stenosis). Because of 
the fixed outflow obstruction, 
right ventricular emptying is 
reduced (curved arrows), and 
systolic pressure rises. Right 
ventricular wall hypertrophy 
occurs secondarily; the right 
ventricle becomes more rounded 
and the border more convex (a). 
(A) In the lateral view, sternal 
contact increases (a), which may 
push the apex dorsally off the 
sternum (apex tipping). (B) In 
the VD/DV view, the main 
pulmonary artery (pulmonary 
trunk) (b) bulges at the 2 
o’clock position, The heart is 
rotated counterclockwise due to 
the large right ventricle (RV). 


FIGURE 7-11 


Right lateral view of heartworm-infected dog. 
The right ventricle is severely enlarged, 
indicated by increased heart width, increased 
sternal contact, and elevated cardiac apex 
(arrow). Note that the caudal (left) heart border 
is relatively convex, indicating no left-sided 
enlargement. Radiographic evidence of 
heartworms includes (1) perihilar opacity of the 
dilated main pulmonary arteries, (2) severely 
widened and tortuous caudal arteries, and (3) 
widened cranial arteries. 


a 


ventricular to right atrial shunting, or anomalous pul- 
monary venous connections. 


RADIOGRAPHIC APPEARANCE. The effect of these loads 
on the right ventricle is different from those imposed 
on the left side of the heart.*! ** The low pressure at 
which the right ventricle normally operates permits it 
to have a thin wall and a large radius of curvature. A 


FIGURE 7-12 


Ventrodorsal view of the heart of a Shih Tzu with congenital 
pulmonic stenosis. Right ventricular enlargement is indicated by 
the reverse “D” appearance. The cardiac apex (black arrow) 
separates the relatively straight left ventricle from the prominently 
convex right heart border. 
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volume overload (e.g., tricuspid regurgitation) or 
acute pressure overload (e.g., pulmonary thromboem- 
bolism) may cause the chamber to dilate. By contrast, 
a chronic pressure load from pulmonic stenosis, cor 
pulmonale, or left ventricular disease will cause con- 
centric hypertrophy, which thickens the right ventricu- 
lar wall and makes the chamber resemble the left 
ventricle (Fig. 7-10). Both pressure and volume over- 
load will enlarge the right ventricular contour on the 
radiograph.” 

On the lateral view, right ventricular enlargement is 
determined by accentuated heart convexity cranial to 
the apex. This causes the characteristic findings of 
(1) increased sternal contact (Figs. 7-4A, 7-6A, 7-74A, 
7-10A, 7-11; see also Figs. 24-7, 24-57B; 30-8; 31-1, 
31-2, 31-3A), and (2) “apex tipping” (i.e., the apex 
is pushed dorsally off the sternum if severe right ven- 
tricular enlargement is present without an enlarged 
left side of the heart) (Fig. 7-11; see also Fig. 31-3). 
The trachea is usually elevated where it passes over 
the cranial heart. In the lateral view, right ventricular 
enlargement may be underestimated because the heart 
may rotate to the left as it enlarges. 

On the VD/DV view, right ventricular enlargement 
creates a more convex border to the right of the apex 
(which is normally at the 5 to 6 o’clock position). The 
convexity extends clockwise to about the 10 o’clock 
position (Figs. 7-7B, 7-12; see also Figs. 24-28A; 30- 
8B). If there is no left-sided heart enlargement, the 
enlarged right ventricle will create a “reverse-D” con- 
tour (Figs. 7-10B, 7-12; Fig. 24-28B). Rather than 
bulging out toward the right thoracic wall, the heart 
often rotates counterclockwise to move the apex far- 
ther to the left (Fig. 7-12). An enlarged main pulmo- 
nary artery is often apparent (Fig. 7-12; see also Fig. 
24-7, 24-10, 24-51; 30-8; 31-3), except in tetralogy of 
Fallot when the pulmonary trunk is hypoplastic. 
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PERICARDIAL DISEASES 


PERICARDIAL EFFUSION 


CLINICAL CAUSES. Etiologies and pathophysiology are 
discussed in chapter 29. In addition, radiographic 
identification of extracardiac disease can provide im- 
portant prognostic information.** 


RADIOGRAPHIC APPEARANCE. The classic radiographic 
appearance of chronic, severe pericardial effusion is 
that of a large, round heart shadow, lacking an apex 
or other structural detail * (Fig. 7-13; see also Figs. 
29-6, 29-16). As a point of differentiation from gen- 
eral cardiomegaly due to heart disease, the left atrium 
is not prominent when moderate to severe pericardial 
effusion is present. 

Acute pericardial effusion (e.g., left atrial rupture) 
may cause life-threatening cardiac tamponade, but it 
may result only in mild to moderate enlargement of 
the cardiac silhouette, making radiographic diagnosis 
uncertain. In chronic effusive states, severe fluid build- 
up and pericardial distention may result in severe, 
generalized rounding of the cardiac silhouette. Echo- 
cardiography is indicated to characterize cardiac anat- 
omy and search for neoplasia and other causes of 
pericardial effusion. 

Pericarditis may cause pericardial effusion. However, 


A 


FIGURE 7-13 


it may not always result in sufficient pericardial distor- 
tion so that cardiomegaly is detected by radiography. 


CONGENITAL 
PERICARDIODIAPHRAGMATIC HERNIA 


CLINICAL CAUSE. As a developmental abnormality, the 
pericardium adapts to the additional volume imposed 
by the presence of abdominal organs within the sac. 
Frequently, unexpected diagnosis is related to gastroin- 
testinal or respiratory signs.*° 


RADIOGRAPHIC APPEARANCE. The diagnosis is suspected 
when the heart shadow is enlarged, is slightly distorted, 
and blends in with the diaphragm (silhouette sign). 
Radiographic evidence suggesting that abdominal or- 
gans are contained within the pericardial sac include 
(1) irregular, lucent areas caused by omental fat, (2) 
gas bubbles indicating entrapped stomach or intes- 
tines, and (3) cranially displaced or absent stomach, 
spleen, or other organs (see Fig. 29-6). Acute gastric 
or intestinal displacement occasionally causes obstruc- 
tive ileus with dilated intestines. 

Diagnosis is best confirmed by echocardiography or 
abdominal ultrasound. Alternative diagnostic tech- 
niques include peritoneography (inject 2 ml/kg of 
water-soluble contrast medium into the peritoneal cav- 
ity, roll the patient to disperse the contrast, and radio- 


Lateral (A) and ventrodorsal (B) views of a dog with severe pericardial effusion. The cardiac 
silhouette is extremely large and round; the magnitude of this cardiomegaly is much greater than 
could be expected from valvular regurgitation or myocardial disease. Notice also that there is no 
distinctive cardiac chamber enlargement (i.e., the left atrium is not prominent), and the lungs are 
hypovolemic, lending support for pericardial effusion. 


graph the thorax) and upper gastrointestinal contrast 
studies. 


GREAT VESSELS AND 
MEDIASTINAL STRUCTURES 


CHANGES IN GREAT VESSELS 


CLINICAL CAUSE. The great vessels enlarge in response 
to increased pressure load or turbulence.* ** 37- Steno- 
sis of the pulmonary or aortic valve region causes 
poststenotic enlargement of the pulmonary trunk and 
aortic arch, respectively (chapter 24). However, ab- 
sence of this detectable enlargement does not exclude 
semilunar valve stenosis when other appropriate aus- 
cultatory and clinical findings are present. Echocardi- 
ography and Doppler echo studies are confirmatory. 
When vascular blood flow is reduced by an intracardiac 
shunt, the vessel may be small or hypoplastic. This is 
usually observed in the pulmonary artery with tetral- 
ogy of Fallot owing to right-to-left shunting across a 
large ventricular septal defect. 


RADIOGRAPHIC APPEARANCE. Appreciation of vascular 
changes is maximized when two well-positioned radio- 
graphic views are compared. 


ENLARGED PULMONARY TRUNK. In the lateral view, the 
pulmonary trunk is normally not projected outward 
from the heart (Fig. 7-1B) and thus is not visible on 
plain radiographs unless severely enlarged. It may then 
appear as an anteriorly oriented, convexly shaped cap 
bulging forward and upward, superimposed on the 


FIGURE 7-14 
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trachea (see also Figs. 24-8A, 24-10, 24—28B; 30-8B; 
31-3A).” In the VD/DV view, the main pulmonary 
trunk normally fills the cardiac border at the 1 to 2 
o'clock position (Fig. 7-1C). A prominent bulge at this 
point most likely represents an enlarged pulmonary 
trunk caused by pulmonic stenosis (Figs. 7-10B, 7-12; 
see also Fig. 30-88) or pulmonary hypertension. This 
bulge is not common with feline dirofilariasis,* *' al- 
though it may occur occasionally (see Fig. 31-3). 
Rarely, enlarged mediastinal lymph nodes can create a 
similar bulge. 


ENLARGED AORTIC ARCH. The aortic arch is not entirely 
constant in size. There is considerable variation in the 
normal curvature of the aortic arch in the dog and its 
appearance over the left cardiac border in the VD/DV 
view.” '° It may also be displaced by neoplasia, espe- 
cially heart-base tumors. 

In the VD/DV view, it may fill the angle formed by 
the right atrial appendage and the cranial vena cava at 
11 o’clock, bulging into the mediastinum and filling 
the angle between the cranial mediastinum and the 
pulmonary trunk at the 1 o’clock position (Fig. 7-14B; 
see also Fig. 24—17A).? 1> 15.38 In old cats, a prominent 
bump may appear on the left border of the cranial 
mediastinum on the VD/DV projection, which is 
formed by the aortic arch viewed end-on. An enlarged 
aortic arch can be differentiated from a bulging pul- 
monary trunk in this view in that the lateral border of 
the aortic arch continues down the mediastinum just 
to the left of the spine, whereas the pulmonic bulge 
does not. In patent ductus arteriosus, the aorta is 
dilated at the point of exit from the ductus.* * * The 
dilation is best seen on a perfectly straight VD or DV 
view as a slight bulge on the left side of the aortic 


(A) Right lateral and (B) ventrodorsal views of a dog with congenital subaortic stenosis. Notice the 


poststenotic dilation of the aortic arch (arrowheads). 
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FIGURE 7-15 


Ventrodorsal view of a 6-year-old papillon with exercise 
intolerance, cyanosis during exercise, and no auscultatable cardiac 
murmur. Notice a prominent bulge (arrowheads) on the left side at 
the 2 o'clock position, representing the pulmonary trunk, and the 
aortic bulge above it at the 1 o’clock position. This pattern is 
diagnostic for patent ductus arteriosus, in this case with pulmonary 
hypertension. Two-dimensional echocardiography showed that the 
right ventricle and outflow tract were enlarged. 


border, just caudal to the arch (Fig. 7-15; see also Fig. 
24-424). 

In the lateral view, poststenotic dilation due to aortic 
stenosis extends into the cranial mediastinum. It fills 
in the angle formed by the cranial vena cava and the 
cranial heart border (Fig. 7-144; see also Figs. 24-17B, 
24-22) and increases the cranial mediastinal density. 


CAUDAL VENA CAVA. In the lateral view, the position and 
angle of the caudal vena cava provides a clue to the 
size of the heart since it is elevated cranially if either 
ventricle is enlarged (Figs. 7-5, 7-9A). A persistently 
full and wide caudal vena cava, especially when com- 
bined with other evidence of cardiac decompensation, 
provides evidence of right ventricular failure, pericar- 
dial tamponade, constrictive pericarditis, or right atrial 
obstruction by an intracavitary neoplasm or throm- 


bus.” ”* However, it is a relatively insensitive sign of 


venous hypertension.’ ** A persistently thin cava (Fig. 
7-3) is associated with poor venous return, hypovo- 
lemia, or increased intrapleural pressure. The latter is 
caused by air trapping associated with overinflation, 
asthma, bronchitis, and emphysema (which also cause 
radiographic signs of overinflated lungs).? 


OTHER MEDIASTINAL 
STRUCTURES AND DISEASES 


Lesions in this region are usually poorly defined. 
This results from the many mediastinal vessels and 


structures that are superimposed on each other and 
surrounded by mediastinal connective tissue. 


PERIHILAR AND HEART BASE MASSES 


Hilar lymphadenopathy can result from mycotic or 
bacterial (including tuberculosis) infection, or neopla- 
sia. This increases the soft tissue density around the 
carina and left atrium and can be mistaken for left 
atrial enlargement in the lateral view.* A significant 
radiographic difference between hilar lymphadenopa- 
thy and left atrial enlargement on the lateral view, 
however, is that the former opacity usually lies dorsal 
to the main stem bronchi, which are not elevated, or 
may be compressed downward when severely enlarged 
(Fig. 7-16). In contrast, the left atrium lies ventral to 
the carina, and, when severely enlarged, it elevates 
the caudal trachea (Fig. 25-7), which loses its normal 
caudoventral sloping over the cardiac base (compare 
Figures 7-1A and 7-3 with 7-4A and and 7-6) and 
elevates the left main stem bronchus (Figs. 7-5, 7-6). 

Very dilated main pulmonary arteries from pulmo- 
nary hypertension (especially severe dirofilariasis) 
cause a hilar opacity in the lateral view (Fig. 7-11). 
The trachea may be displaced or compressed in these 
instances. 

The great vessels and trachea can also be displaced 
by heart base tumors (chemodectoma, aortic body tu- 
mors), infiltrating primary bronchogenic carcinoma, 
and right atrial hemangiosarcoma. Typically, these 
masses will elevate the trachea over the cranial medias- 
tinum or heart base but not over the left atrium. They 
may also cause soft tissue density bumps or opacities 
around the heart base, often associated with pericar- 
dial effusion, tamponade, or caval obstruction.” Two- 
dimensional echocardiography is the preferred 
method for evaluating cardiac masses and pericardial 
effusion. Additional imaging techniques include a vena 
cavagram or selective angiography to outline intracavi- 
tary masses or obstructions*** 4; pneumopericardiog- 
raphy to reveal right atrial masses” *°; or computed 
tomography and magnetic resonance imaging. 


THE ESOPHAGUS 


Common radiographic findings in dyspneic animals 
are the presence of air throughout the esophagus or 
localized in the cranial thoracic region of a slightly 
dilated esophagus. An enlarged heart will compress 
the esophagus slightly and displace it dorsally. 

Vascular ring anomalies cause esophageal stenosis 
with secondary dilation in the cranial mediastinum 
(see Fig. 24-61). Aspiration pneumonia may be pres- 
ent. A wide spectrum of vascular ring anomalies has 
been described (see Fig. 1-4; chapter 24). Persistent 


FIGURE 7-16 

Right lateral radiograph from a 
coughing dog. Notice the severe hilar 
lymphadenopathy that causes acute 
ventral displacement of the distal 
trachea. The caudal cardiac border is 
relatively convex and normal. 
Tuberculosis was detected in hilar 
lymph nodes at necropsy. (Courtesy of 
Dr. Philip Fox.) 


right aortic arch,‘ also called dextroaorta with left- 
sided ligamentum arteriosum, is the most prevalent 
type in dogs and cats. Severe tracheal compression and 
malformed tracheal rings are evidence of double aortic 
arch.“ Persistent left cranial vena cava also may be 
present.” 


TRACHEA AND MAIN BRONCHI 


In the lateral view, the position of the caudal trachea 
relative to the spine provides an indication of the 
presence and severity of cardiomegaly, especially left- 
sided. A distal trachea displaced upward toward the 
spine suggests a large heart (e.g., severe pericardial 
effusion; dilated cardiomyopathy) or moderate to se- 
vere left atrial and ventricular enlargement. In particu- 
lar, dorsal displacement and compression of the left 
main stem bronchus indicates left atrial enlargement. 
The position of the trachea and main stem bronchi 
helps differentiate left atrial enlargement from other 
causes of hilar disease (see earlier section on Perihilar 
and Heart Base Masses).” 

Tracheal collapse is often present in conjunction 
with chronic acquired valvular disease (endocardiosis) 
in small-breed dogs (chapter 25). Radiologic examina- 
tion often helps clarify or resolve the cause of 
coughing (Fig. 7-17). In dogs with large airway dis- 
ease, the trachea typically collapses in the cervical or 
the thoracic regions, or both. The cervical (extratho- 
racic) trachea collapses during inspiration. The intra- 
thoracic trachea collapses during expiration. Upper 
airway obstruction by an elongated or swollen soft 
palate will exaggerate cervical tracheal collapse. 
Exposing lateral radiographs during both expiration 
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and inspiration will increase diagnostic accuracy to 
confirm tracheal collapse.” On routine inspiratory ra- 
diographs made of the heart, intrathoracic tracheal 
collapse may not be manifested. 

Compression or collapse of the left main stem bron- 
chus often accompanies collapsed trachea or severe 
left atrial enlargement in dogs (Fig. 7-6). Coughing 
from bronchial compression may be mistaken for a 
cough due to pulmonary congestion and requires eval- 
uation of other clinical and diagnostic findings (chap- 
ters 4 and 5). 


THE LUNG FIELD IN HEART 
DISEASE 


The pulmonary radiograph has been likened to a 
window reflecting underlying cardiopulmonary patho- 
physiology. Evaluation of lung fields often provides 
more useful information than determination of car- 
diac chamber size. It helps in assessing the severity of 
the hemodynamic disturbance (i.e., congestive heart 
failure), and the effects of therapy. Air in the small 
airways and alveoli acts as a contrast medium outlining 
the pulmonary vessels and parenchyma. This makes 
radiography a relatively sensitive and specific method 
of assessing the pulmonary vascular circulation. Since 
this natural contrast fluctuates with the phase of respi- 
ration (Fig. 7-17), a false diagnosis of pulmonary 
edema can be made when evaluating expiratory radio- 
graphs. 


122 DIAGNOSTIC METHODS 


NORMAL VARIATIONS 


Care must be exercised when interpreting radio- 
graphs exposed under different conditions. For exam- 
ple, thick thoracic walls in an obese animal may impart 


a uniform gray opacity to the radiographs because of 
scattered radiation, especially in the lateral view of 


small, round-chested dogs. One must also interpret 
films made under general anesthesia cautiously. The 
dependent lung may be underinflated or both lungs 
may be underinflated, creating false opacity after only 
a few minutes of lateral recumbency. Under- or overin- 
flated lungs warrant special consideration. 


UNDERINFLATED LUNGS. Conditions that increase ra- 
diographic lung opacity and decrease diagnostic qual- 
ity include (1) reduced tidal volume from obesity; (2) 
conditions restricting lung inflation; and (3) cranially 
displaced diaphragm from increased abdominal pres- 
sure compressing the lungs and preventing good infla- 
tion (hepatomegaly, obesity, large masses, or ascites). 


FIGURE 7-17 


Right lateral radiographs from an 11-year-old 
Yorkshire terrier with a chronic cough and 
chronic mitral regurgitation. At expiration (A), 
the intrathoracic trachea is relatively collapsed, 
and the dorsal lungs have a diffuse opacity. The 
heart overlies the diaphragm. At inspiration (B), 
the trachea is normal in diameter, and the lung 
fields are clear. On both films, there is mild left 
atrial enlargement and severe right ventricular 
enlargement. Coughing was caused by the large 
airway disease (collapsed trachea). 


OVERINFLATED LUNGS. Overinflation of the lungs by 
mechanical ventilation may eliminate pulmonary infil- 
trates, such as pulmonary edema, by creating artificial 
pulmonary lucency. Ideally, a physiologic end-expi- 
ratory pressure should be maintained. 


THE VASCULATURE 


HYPERPERFUSION (OVERCIRCULATION). Hypervascularity 
results from significantly increased pulmonary blood 
flow (two or more times normal). Causes include (1) 
left-to-right shunting (central or peripheral); (2) hy- 
perdynamic states such as chronic, severe anemia or 
thyrotoxicosis; and (3) iatrogenic volume overload or 
congestive heart failure. * Hyperdynamic states that 
are often not radiographically apparent cause relatively 
mild overcirculation. Large left-to-right shunts may 
eventually cause a pressure overload (and enlarge- 
ment) on the right ventricle if pulmonary vascular 
resistance rises.?* °7 28,42 


Normally, only a small proportion ofthe pulmonary 
capillary bed is perfused. Greater flow causes more 
capillaries to be recruited. Increased numbers of per- 
fused vessels reduce contrast of lung parenchyma 
against the vessels. This creates a hazy increase in 
interstitial opacity resembling interstitial pulmonary 
edema (chapter 13). These conditions are indistin- 
guishable. However, the distribution of hypervascular- 
ity is more widespread in states of overcirculation, and 
vascular markings extend to the lung periphery, as 
opposed to cardiac interstitial edema, which is more 
central in distribution with less prominent vascular 
markings. 

Overcirculation is best appreciated in the lateral view 
(Fig. 7-18; see also Fig. 24-28B; 24-36, 24-42B), in 
which the arteries and veins are prominent and wid- 
ened due to increased flow and pressure. When cardio- 
vascular shunts are present, their location may be sug- 
gested by cardiac radiographic changes (chapter 24). 


HYPOPERFUSION (UNDERCIRCULATION). Causes of gener- 
alized hypoperfusion include (1) right-to-left shunts; 
(2) low cardiac output (e.g., shock or severe myocar- 
dial failure, severe dehydration, acute adrenocortical 
insufficiency, restrictive pericarditis, caval or right 
atrial obstruction, cardiac tamponade, severe right 
heart failure, complete heart block); or (3) severe 
emphysema." °? Technical faults involving radiographic 
technique or processing may create images that resem- 
ble undercirculation. Examples include overexposure, 
overdevelopment, or overinflation (due to struggling 
or upper airway obstruction). Overinflation can be 
recognized by a flat diaphragm on the lateral view and 
wide costodiaphragmatic angles in the VD or DV views. 

Radiographic findings of hypoperfusion include 
thin pulmonary arteries and veins and a relatively ra- 
diolucent interstitium (Fig. 7-3; see also Fig. 24-7). 
These changes when interpreted in conjunction with 
other clinical abnormalities may help in formulating a 
diagnosis. Hypoperfusion with right ventricular en- 
largement but without an enlarged main pulmonary 
artery suggests tetralogy of Fallot or Ebstein’s anomaly; 
hypoperfusion with a generalized, rounded cardiac sil- 
houette will be present when pericardial effusion 
causes cardiac tamponade.* Isolated pulmonic stenosis 
has been reported to cause an underperfused lung 
field, even in clinically normal dogs.*” Whether the 
appearance reflects true hypoperfusion, hyperlucency 
due to other causes, or interpretive bias (i.e., belief 
that pulmonic stenosis should cause hypoperfusion) is 
unresolved, 

Lobar hypoperfusion is compatible with pulmonary 
thromboembolism.” Additional radiographic signs of 
thromboembolism include thin pulmonary veins, pleu- 
ral effusion, proximally dilated pulmonary artery in 
the affected lobe and elsewhere, and right ventricular 
enlargement. 
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PROMINENT PULMONARY ARTERIES. Prominent pulmo- 
nary arteries are a sign of pulmonary arterial hyperten- 
sion. Pulmonary hypertension may be acute (e.g., pul- 
monary thromboembolism), or chronic (e.g., some 
left-to-right shunts, chronic obstructive pulmonary dis- 
ease, and chronic hypoxia). The most common cause 
of pulmonary hypertension is canine heartworm dis- 
ease. 

The location of pulmonary arteries is predictable, 
and radiographic changes are often dramatic.*” * 1° In 
the lateral view, the cranial arteries lie dorsal to the 
veins and can usually be seen even when the caudal 
vessels are obscured by perivascular inflammatory in- 
filtration. With pulmonary hypertension, the proximal 
arteries become wide and the middle portions become 
tortuous. The peripheral sections are usually thin, En- 
largement is indicated when the relative size of the 
right cranial pulmonary artery exceeds 1.2 times the 
width of the right fourth rib at a point just below the 
spine.” In the VD/DV view, the pulmonary arteries 
are lateral to the pulmonary veins. 


CANINE HEARTWORM DISEASE (chapter 30). Slight irregu- 
larities and tortuosity of the right main caudal artery 
are the most sensitive signs of mild early dirofilariasis 
(Fig. 7-19).°' At this stage the heart is normal, and 
there is no visible perivascular reaction. Pulmonary 
arterial changes accompanying dirofilariasis include 
(1) enlargement, (2) indentation or scalloping, (3) 
tortuosity, (4) disappearance, (5) pruning, and (6) 
serration® * (see Figs. 30-5, 30-6, 30-8). To maximize 
the chance of recognizing these subtle changes, partic- 
ularly in vessels that overlie the liver, a DV view with 
good lung inflation is necessary.” 

Periarterial inflammatory lesions and edema often 
make the vessels difficult to identify, particularly in the 
lateral view. The classic signs of enlarged right ventricle 
and main pulmonary artery may be obscured. Under 
these conditions, severe heartworm lesions may be con- 
fused with pulmonary neoplasia because the grossly 
enlarged and distorted arteries, when viewed end on, 
resemble lung masses. This error is particularly likely 
if only a lateral view is taken on which the main caudal 
arteries are superimposed. The accompanying changes 
in the right ventricle and pulmonary trunk are less 
likely to be visible on the lateral than on the DV view. 


FELINE HEARTWORM DISEASE (chapter 31). In the cat, 
diagnosis of heartworms requires careful inspection of 
the main caudal pulmonary arteries, particularly the 
left caudal pulmonary artery,”** seen best in the DV or 
DV oblique views*”** (see Figs. 31-3, 31-4). The worms 
may be obscured by interstitial inflammatory infiltrate. 
Compared with dogs, arteritis is less evident, and 
worms are fewer and smaller in cats. Typically, pulmo- 
nary hypertension is not severe enough to cause a 
prominent pulmonary trunk.“ Nonselective angiogra- 
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FIGURE 7-18 


Right lateral thoracic radiograph of a pair of 2-month-old golden retriever littermates. (A) 
Hyperperfused, overcirculated lungs are caused by a left-to-right shunting patent ductus arteriosus. 
Note the engorged distended pulmonary veins (open arrows) overlying the cardiac silhouette. 
Pulmonary arteries (closed arrows) are also abnormally wide and are best visualized in the cranial lung 
lobes. There is a diffuse, interstitial pulmonary density, especially evident in the perihilar region, due 
to overcirculation. The left atrium is enlarged and elevates the trachea. Compare these changes with 


those in the normal littermate (B). 


phy (see Fig. 31-4) and serology may be necessary for 
diagnosis." ™ 


PROMINENT PULMONARY VEINS. Pulmonary veins lie me- 
dial to the pulmonary arteries on the VD/DV view; in 
the lateral view, they lie ventral to the cranial lobar 
bronchi (the order of distribution from dorsal to ven- 
tral is pulmonary artery, bronchus, and pulmonary 


vein, respectively). * Pulmonary venous hypertension 
is usually caused by chronically elevated left ventricular 
filling pressure, as occurs in dogs with chronic ac- 
quired degenerative mitral valve disease (endocar- 
diosis, chapter 25). It may also develop acutely in 
decompensated canine dilated cardiomyopathy or in 
feline cardiomyopathy. These changes are always asso- 
ciated with moderate to severe left atrial enlargement. 


FIGURE 7-19 


Ventrodorsal view of a dog with heartworm disease. Notice the 
wide and tortuous main caudal pulmonary arteries. 


Not all cases of left-sided heart failure have pulmonary 
venous enlargement evident on radiographs, however. 
Moreover, pulmonary edema may obscure venous en- 
gorgement when present in some cases. 

Chronic pulmonary venous hypertension often re- 
sults in distended and tortuous pulmonary veins (Fig. 
7-20; see also Figs. 13-2; 24-17B, 24-28B). They may 
sometimes be identified on a DV view with the lungs 
well inflated. Dilated cranial veins may also be visible 
in the lateral view. Distention is greatest in the perihi- 
lar area, where the veins are widest and wall tension 
(according to the law of Laplace) is highest at any 
given venous pressure. 


FIGURE 7-20 


Right lateral view of a dog with heart failure from chronic 
acquired mitral regurgitation (endocardiosis), showing pulmonary 
venous congestion. Proximal pulmonary veins (arrow) are greatly 
dilated over the heart. The left atrium is severely enlarged 
(arrowheads) from chronic mitral regurgitation. No pulmonary 
edema has yet developed. 
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PULMONARY PARENCHYMA 


INTERSTITIAL PULMONARY EDEMA 


The interstitium is an extravascular tissue compart- 
ment that expands to accommodate excess transu- 
dated fluid, which is then drained by pulmonary lym- 
phatics (chapter 13). When this process is over- 
whelmed, interstitial pulmonary edema may occur as 
a uniform, poorly defined increase in lung opacity that 
reduces small vessel sharpness or clarity (Fig. 7—6; see 
also Figs. 13-4, 13-5; 24-42). 

Whether interstitial pulmonary edema can be diag- 
nosed radiographically depends on technical factors, 
including lung inflation. Films that are exposed at 
expiration may mimic this finding. Ideally, comparison 
of serial radiographs exposed with similar technique 
and phase of inspiration should be made. 


ALVEOLAR PULMONARY EDEMA 


Alveolar pulmonary edema represents a more ad- 
vanced state of left ventricular failure than interstitial 
edema. It is characterized by absence of pulmonary air 
contrast, the air being replaced by alveolar edema 
fluid. If sufficiently severe, the edema obscures vascular 
markings (see Figs. 13-2 to 13-5 and 25-5). The bron- 
chi are not flooded and may show up as radiolucent 
air bronchograms (see Figs. 13-2 to 13-6; 24-17; 25-5; 
28-11). In the lateral view, air bronchograms appear 
as tapering and branching thick, radiolucent lines sur- 
rounded by opacity, obscuring adjacent vessels. In the 
VD/DV view, air bronchograms are often shorter or 
appear as round, lucent “holes.” This is because in 
this view the bronchi are foreshortened or appear 
end on. 

An alternative appearance for acute pulmonary 
edema is a finely stippled or fine nodular pattern. This 
air alveologram pattern is caused by groups of fluid- 
filled (opaque) acini mixed with airfilled (lucent) 
acini or alveoli. 

Many other conditions besides left ventricular fail- 
ure, such as pneumonia and hemorrhage, cause an 
acute alveolar pattern. The radiographic distribution 
of infiltrates is helpful in formulating a diagnosis." * °° 
For cardiogenic pulmonary edema in the dog, the 
most common distribution is dorsal, perihilar, and sym- 
metric. There may also be pulmonary venous engorge- 
ment and moderate to severe left heart enlargement. 
By contrast, pneumonia is typically peribronchial, lo- 
bar, cranial, and ventral in distribution, without con- 
comitant cardiomegaly (unless unassociated cardiac 
disease happens to be coincidentally present). There- 
fore, it is usually possible to differentiate these two 
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common causes of dyspnea by radiographs. Although 
acute, fulminant pulmonary edema may extend into 
the cranioventral lung field, it will always have a pre- 
dominant perihilar component. Pulmonary edema sec- 
ondary to chronic mitral regurgitation is often accen- 
tuated in the right caudal lobe.’ 

In cats with hypertrophic or restrictive cardiomyopa- 
thy, pulmonary edema is usually patchy and asymmetri- 
cally distributed; the air alveologram pattern predomi- 
nates. Perihilar distribution is rare. Moderate to severe 
left auricular enlargement is usually clearly evident on 
the DV/VD view. Bronchopneumonia in cats appears 
similar to that in dogs but is much less common. 

Early pulmonary edema as a sign of left ventricular 
failure occasionally may be masked by other factors. 
Overinflated lungs will reduce the radiographic density 
of pulmonary edema. This may occur by forced inspi- 
ration during the stress of manual restraint associated 
with radiographic positioning, or if an animal is venti- 
lated under general anesthesia. Severe right ventricu- 
lar failure accompanying left ventricular failure may 
decrease pulmonary perfusion pressure as well as ob- 
scure visualization of pulmonary parenchyma. 


PULMONARY FIBROSIS 


Pulmonary fibrosis causes a diffuse interstitial opac- 
ity that may be indistinguishable from poor lung infla- 
tion or pulmonary edema.” Since pulmonary fibrosis is 
associated with chronic obstructive pulmonary disease 
caused by chronic bronchitis and tracheal and bron- 
chial collapse, diagnosis in small dogs with chronic 
cough and concurrent mitral regurgitation may some- 
times be difficult from radiographs unless clinical 
findings are carefully evaluated. 


FOCAL PULMONARY LESIONS 
ASSOCIATED WITH HEART DISEASE 


Focal pulmonary lesions may occur with certain car- 
diovascular disorders. Dirofilariasis causes severe lung 
reactions.* *® * Lesion distribution may range from 
patchy or diffuse interstitial patterns in occult heart- 
worm disease to lung consolidation caused by throm- 
bosis following adulticide treatment (see Figs. 30-5, 
30-7, 30-10). Eosinophilic pulmonary granulomas 
may be present. The pulmonary pattern in cats with 
dirofilariasis is usually much milder. Patchy interstitial 
and alveolar densities have been reported (see Figs. 
31-1, 31-2) 4°. 41.58 

Acute pulmonary thromboembolism in dogs as a 
complication of systemic diseases is manifested in a 
variety of focal pulmonary lesions (Fig. 30-11). They 
include single or multiple alveolar opacities, lobar col- 


lapse, and asymmetric lucency because of oligemia in 
the affected lung or lobe.* 

Bacterial endocarditis may cause septic pneumonia 
and thromboembolism as well as pulmonary edema. 
The pulmonary lesions may be difficult to differenti- 
ate. Consolidated areas may be present due to emboli- 
zation.? Pulmonary metastases may also be associated 
with hemangiosarcoma™ or heart base tumors. 


THE PLEURAL CAVITY 


Diseases involving the pleura and pleural space may 
be subdivided into those that cause (1) increased ra- 
diographic pleural and thoracic density (i.e., pleural 
effusion, pleural masses, and pleural thickening), and 
(2) those that result in diminished pleural and tho- 
racic density (i.e., pneumothorax).” 

In heart failure, two radiographic signs of pleural 
involvement may be observed. The most common ab- 
normality is pleural effusion that follows right-sided 
heart failure either (1) directly from a right-sided heart 
volume overload (e.g., tricuspid regurgitation) or pres- 
sure overload, (2) from severe left-sided heart disease 
(e.g., advanced mitral regurgitation or hypertrophic 
cardiomyopathy, (3) from generalized heart failure 
(e.g., dilated cardiomyopathy), or (4) conditions asso- 
ciated with ventricular underfilling, such as cardiac 
tamponade or constrictive pericarditis. In constrictive 
pericarditis, the heart shadow is not usually enlarged.” 
In dogs, pleural effusion usually follows liver conges- 
tion and ascites in the progression of signs. In cats, 
pleural effusion may accompany all forms of decom- 
pensated cardiomyopathy, especially myocardial fail- 
ure. A complete data base is often required to differen- 
tiate cardiogenic and noncardiogenic pleural effusion. 
The least common pleural cavity abnormality is pleural 
thickening or pleural edema. It is caused by acute, 
severe left ventricular failure that overwhelms the pul- 
monary lymphatic drainage and always occurs with 
acute alveolar edema. 

The radiographic signs of pleural effusion have been 
described in detail.? Differences in its appearance be- 
tween the VD and DV views are important in heart 
disease. Free fluid moves within the pleural cavity by 
gravity. In the prone position for the DV view, fluid 
gravitates to the ventral regions and surrounds the 
heart and diaphragm. In the DV view, even small 
amounts of pleural effusion may obscure the cardiac 
silhouette and diaphragm. Therefore, a VD view 
should be taken if possible, since in the supine position 
fluid gravitates away from the heart and diaphragm to 
the dorsal regions of the pleural cavity (see Fig. 
28-19).? ë Alternatively, in severe hydrothorax, initial 
thoracocentesis and drainage will relieve dyspnea and 
ensure better visualization of thoracic organs. 


THE ABDOMEN 


Thoracic radiographs should include the cranial ab- 
domen. Liver enlargement and ascites are general se- 
quelae of right-sided or generalized congestive heart 
failure. When congenital peritoneodiaphragmatic peri- 
cardial hernia is suspected, diagnosis is supported by 
an enlarged, rounded cardiac silhouette and missing 
or cranially displaced abdominal organs (see Fig. 29- 
6). Moreover, radiographic evaluation of the abdomen 
may reveal noncardiac causes of abdominal effusions 
such as neoplasia. 

Liver enlargement is often radiographically overdi- 
agnosed. Standard criteria for normal liver size state 
that the caudoventral tip should lie at the costal arch. 
However, the liver moves beyond the arch in inspira- 
tion, particularly if the thorax is expanded and the 
diaphragm is flat, as with dyspnea or pleural effusion. 
Hepatomegaly results from many noncardiac diseases 
and is not uniformly present in heart failure. 


DIAGNOSIS OF CONGENITAL 
HEART DISEASE 


The heart and lungs should always be interpreted 
together. A scheme for their evaluation in congenital 


TABLE 7-2 
Diagnostic Scheme for Congenital Heart Diseases 


Lung Field Congenital Cardiac Anomaly 
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heart disease illustrates how diagnoses of common spe- 
cific disorders can be made from plain films (Table 
7-2). The addition of clinical signs often enables a 
specific diagnosis to be made. 

In addition to assisting diagnosis of a particular con- 
genital anomaly, the radiologic examination offers a 
prognostic guide for some conditions, particularly 
those with volume overload, by revealing the severity 
of cardiomegaly and its hemodynamic consequences. 
Plain film radiography is reasonably accurate for diag- 
nosing some congenital anomalies such as patent duc- 
tus arteriosus. This accuracy is greatly increased when 
assessed in conjunction with clinical findings. However, 
echocardiography, including color-flow and spectral 
Doppler echocardiography, is required for definitive 
diagnosis and characterization of most congenital dis- 
eases. When diagnostic ultrasound is unavailable, the 
patient can be referred for echocardiography or car- 
diac catheterization. Occasionally, nonselective angio- 
cardiography may help delineate some disorders.” 


CONCLUSIONS FROM THE 
RADIOGRAPHIC EXAMINATION 


The astute clinician will evaluate radiologic signs 
of cardiopulmonary disease within the context of an 
insightful history and a complete clinical data base. 


Cardiac Silhouette 


Underperfused Severe pulmonic stenosis 
Tricuspid dysplasia 


Tetralogy of Fallot 


Right side enlarged (or usually enlarged) 


Pulmonic stenosis with atrial septal defects 


(R > L shunt) 


Prominent pulmonary veins 


Aortic stenosis in left ventricular failure 


Left side enlarged 


Mitral valve malformation or stenosis 


Prominent arteries and veins 
(overperfused) 


Prominent pulmonary arteries 


Normal 


Edema 


Atrial septal defects (L — R shunt) 
Ventricular septal defects (L — R shunt) 
Patent ductus arteriosus (L — R shunt) 
Arteriovenous shunts (L — R shunt) 


Eisenmenger’s syndrome (hypertensive, R > L 
shunting, VSD, PDA, ASD) 


Pulmonic stenosis (mild) 
Pulmonic or tricuspid incompetence 
Small ventricular septal defect 


Aortic stenosis (severe) 
Compensated congenital mitral valve malformation 


Multiple defects 
Peritoneodiaphragmatic pericardial hernia 


Left ventricular failure 
Biventricular failure 


Generally enlarged 


Variable cardiac enlargement 


Right side enlarged 


Left side enlarged 
General enlargement 


Variable cardiac enlargement 


VSD, ventricular septal defect; PDA, patent ductus arteriosus; ASD, atrial septal defect. 
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The accuracy of assessing minor degrees of cardiac 
chamber enlargement is questionable.* ° Radiologic 
and echocardiographic assessment do not always corre- 
late. Also, for evaluation of cardiac morphology, radi- 
ography is more sensitive than some diagnostic tests 
(e.g., for left atrial and right ventricular enlargement 
compared with the ECG 5), but it is less accurate 
than echocardiography. In contrast, there is no substi- 
tute for radiography for assessing lung fields and pleu- 
ral cavity and providing an overall balanced assessment 
for thoracic and cardiorespiratory diseases. Radio- 
graphic information must be carefully assessed, to- 
gether with clinical findings and other diagnostic tests, 
for reliability, sensitivity, specificity, and prognosis. Dif- 
ferent diagnostic tests are used to complement each 
other. Computer algorithms have not yet replaced the 
educated and prepared mind. 
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Echocardiography plays an integral role in cardiovascular evaluation, pro- 
viding accurate, noninvasive assessment of cardiac structure, function, and 
blood flow dynamics. Most importantly, echocardiography is a diagnostic test 
that should complement but not replace the survey thoracic radiograph. As 
such, it is of greatest value when guided by and incorporated into a complete 
data base.” | 


BASIC PRINCIPLES OF ULTRASOUND 


Echocardiography is the clinical application of diagnostic ultrasound to 
examine the heart and proximal great vessels. Its diagnostic utility is en- 
hanced by understanding basic physical principles. 


GENERATION OF ULTRASOUND 


Ultrasound is produced when a piezoelectric crystal housed in a transducer 
is electrically stimulated. The crystal expands and contracts to produce a 
series of sound waves. These are propagated in the form of a beam and 
transmitted into tissues. The greater the voltage applied to the crystal, the 
greater the transmitted pulse amplitude and intensity.’ * 

When emitted sound waves encounter an acoustic interface, they are 
reflected back to the transducer and produce electrical energy (sound waves 
are transmitted less than 1 percent of the time). The distance to the acoustic 
interface is calculated, since the speed of sound waves in soft tissues (average, 
1540 m/sec)? and the time for the sound to travel are known. The echocardi- 
ograph computer processes all data to generate an image of acoustic inter- 
faces. Image quality is determined by sophistication of the equipment, the 
proper match of transducer and structure, and the technical skills of the 
operator. 


CHARACTERISTICS OF SOUND WAVES 


Ultrasound travels through a medium as a propagating wave that causes 
the particles in the medium to oscillate. The amplitude and frequency of 


displaced particles can be graphically expressed as a 
sine wave. The height above and below the baseline 
represents the degree of particle compression and rar- 
efaction.! The wavelength of a given sound wave is 
determined by the distance between two similar points 
on the sine wave. The frequency of a sound wave repre- 
sents the number of wavelengths that occur within a 
given time and is expressed in cycles/sec (cps) or hertz 
(Hz); 1 cps = 1 Hz. Frequency and wavelength are 
inversely related (e.g., the smaller the wavelength, the 
higher the frequency). The velocity of a sound wave in 
a medium equals the product of the frequency and 
wavelength, and it is primarily determined by density 
of the medium; denser structures increase sound wave 
velocity.» 3 

When sound waves meet a boundary between two 
different media, a portion of the acoustic energy is 
reflected, and part continues into the second medium. 
The ability to visualize structures with ultrasound is 
determined by the reflection of transmitted ultra- 
sound. The acoustic impedance of a medium describes 
how sound travels through it. When a sound wave 
traverses the interface between two media that have 
different acoustic impedance properties, it is both re- 
flected and refracted. Greater differences in acoustic 
impedance, termed acoustic mismatch, increase re- 
flected and refracted sound waves. 

Scattered echoes originate from irregular targets that 
are smaller than the wavelength of the ultrasound 
wave. They cause reflected echoes to be cast in many 
directions, resulting in only a few echoes being re- 
turned to the transducer.' Scattered echoes do not 
depend on the angle of incidence and are important 
in visualizing structures that are parallel to the ultra- 
sound beam. 

Specular echoes are reflected from large structures 
with smooth edges. They depend on the angle of the 
ultrasound beam to the tissue interface. 


TRANSDUCERS AND THE ULTRASOUND 
BEAM 


The ultrasound beam is relatively cylindric in shape 
as it leaves the transducer. The larger the radius and 
the smaller the wavelength (i.e., higher frequency), the 
farther the beam travels without divergence. Objects 
imaged within this near field will be visualized better 
than those outside this distance (far field). Higher- 
frequency transducers produce a more diagnostic near 
field. The amount of divergence can be electronically 
focused in some machines. 

High-frequency transducers (i.e., 7.5 MHz) produce 
sound waves with a shorter wavelength, which allows 
reflection from smaller structures. This permits better 
structural definition and resolution but with less tis- 
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sue penetration than lower-frequency transducers 
(e.g., 3.5 MHz). 

Penetration of sound waves is influenced by the 
tissue.’ Sound penetrates easier and travels straighter 
in homogeneous than in heterogeneous tissues. When 
more ultrasound is reflected, less is available for trans- 
mission through deeper tissues. Ultrasound travels in 
a Straight line for a distance in the near field without 
diverging; it then diverges in the far field.’ 


ATTENUATION 


Attenuation describes loss of ultrasound energy be- 
cause of tissue absorption and sound wave scatter. The 
distance that ultrasound must travel to have half its 
energy attenuated is referred to as its half-power distance 
(cm)*; half-power distances include water, 380 cm; 
blood, 15 cm; soft tissue other than muscle, 1 to 5 cm; 
muscle, 0.6 to 1 cm; and lung, 0.05 cm (sound waves 
do not penetrate air). Thus, air is the “enemy” of 
ultrasound because of the great refraction and attenua- 
tion it causes; structures behind air cannot be ade- 
quately imaged. In contrast, effusions enhance im- 
aging. Clearest images are obtained before removing 
pericardial or pleural fluid, although severe effusions 
may cause undue patient stress. 


RESOLUTION 


Resolution refers to the ability to distinguish between 
two small, separate objects or points. Axial resolution 
refers to the ability to resolve points lying along the 
path of the beam (i.e., one object behind the other) 
and is related to the wavelength, frequency, and dura- 
tion of transmitted pulse. Resolution is approximately 
equivalent to twice the wavelength. For example, the 
wavelength of a 5 MHz transducer is 0.3 mm. There- 
fore, the resolution is approximately 0.6 mm. The 
lower the transducer frequency, the longer the wave- 
length and the poorer the resolution. Lateral resolution, 
the ability to differentiate points lying side by side 
relative to the ultrasound beam, is largely a function 
of beam width, which depends on transducer size, 
shape, frequency, and focusing. Structures parallel to 
the beam must be separated by more than twice the 
ultrasonic beam width to be resolved as laterally dis- 
tinct.! Azimuthal (or elevational) resolution relates to 
the thickness of the imaging plane. Poor azimuthal 
resolution causes structural superimposition. 

Object resolution is best if targets are situated cen- 
trally within a narrow ultrasound beam. Beam width 
can be changed by gain controls. If the gain is in- 
creased, the beam width increases, resolution de- 
creases, and artifacts worsen. 
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TISSUE CHARACTERISTICS 


When tissue does not reflect ultrasound, it is termed 
anechoic or sonolucent. If a tissue reflects ultrasound 
minimally compared with surrounding tissues, it is re- 
ferred to as hypoechoic. Conversely, if a tissue is highly 
reflective, it is said to be hyperechoic (it has greater 
echogenicity). Through-transmission is a phenomenon 
in which ultrasound passes through a tissue that is 
anechoic or hypoechoic, and the next tissue to be 
struck with the ultrasound beam appears hyperechoic 
because of acoustic enhancement (e.g., greater echogeni- 
city of the right ventricular wall is seen in animals with 
pericardial effusion). When an ultrasound beam strikes 
a calcified or dense object that blocks through-trans- 
mission, that object will be hyperechoic. However, the 
expected image behind it is usually absent, which is 
referred to as an acoustic shadow. Calcification is a 
common cause of acoustic shadowing. 


TYPES OF 
ECHOCARDIOGRAPHY 


Standard M-mode and two-dimensional (2-D) echo- 
cardiography evaluate cardiac chamber anatomy and 
motion. The best images result when structures are 
perpendicular to the ultrasound beam. Doppler echo- 
cardiography (spectral and color-flow) evaluates car- 
diovascular blood flow by assessing the relative change 
in returned ultrasound frequency compared with the 
transmitted frequency. Information is most accurate 
when Doppler sound waves are directed parallel to the 
target red blood cells (RBCs). ° 


M-MODE ECHOCARDIOGRAPHY 


M(motion)-mode echocardiography was the first 
widely used form of diagnostic cardiac ultrasound. Al- 
though 2-D echocardiography with its more intuitive 
image has largely replaced M-mode echo, the latter 
still has certain applications and value.* 


ADVANTAGES. The sharp axial resolution and high 
sampling frequency of M-mode echo (1000 to 5000 
pulses/sec) compared with the slower 2-D scanning 
rate (15 to 128 frames/sec) allow small, rapidly moving 
structures to be discerned and accurately correlated 
with time relative to the ECG. For example, M-mode 
echo is superior when resolving small cardiac dimen- 
sions or structures such as wall thicknesses in cats, in 
which 1 mm can make the difference between normal 
versus pathologic hypertrophy. 


DISADVANTAGES. The limited image sector associated 
with a single, “icepick,” one-dimensional beam focuses 
only on a very small portion of the heart (Fig. 8-1). 
This causes lack of consistent and accurate spatial ori- 
entation unless the M-mode is guided and derived 
from the 2-D image (i.e., the image is obtained and 
optimized with 2-D scanning, immediately followed by 
engaging the M-mode imaging format). 


TWO-DIMENSIONAL 
ECHOCARDIOGRAPHY 


Two-dimensional echocardiography was developed 
to circumvent limitations associated with single beam 
M-mode interrogations.’ * 


ADVANTAGES. Utilizing an ultrasonic beam moving in 
a sector, 2-D echocardiography creates a pie- or fan- 
shaped image, displaying anatomic and functional 
characteristics that are more anatomically intuitive 
than M-mode imaging. Two types of commercial sys- 
tems are available. (1) Mechanical scanners move the 
ultrasound beam by mechanically oscillating a single 
crystal rapidly within a prescribed arc, or by rotating 
multiple crystals on a spinning wheel within the trans- 
ducer. These are relatively less expensive and produce 
better resolution under certain conditions, although 
they are often more bulky and are prone to higher 
maintenance needs. (2) Phased array scanners have 
multiple transducer elements arranged into thin crys- 
tals that are electronically fired in sequence without 
use of mechanical components. This produces a qui- 
eter, lighter transducer capable of dynamic focusing. 


DISADVANTAGES. Compared with M-mode echocardi- 
ography, 2-D echo image acuity is less precise, and 
frame rate is slower. These factors are generally most 
important when precise measurements of small struc- 
tures are contemplated. 


TRANSESOPHAGEAL 
ECHOCARDIOGRAPHY 


In contrast to standard transthoracic echocardio- 
graphic procedures in which the transducer is placed 
upon the chest surface, transesophageal echocardiog- 
raphy (TEE) uses a 2-D transducer at the end of a 
flexible endoscope placed in the esophagus to provide 
high-quality images. This results from closer proximity 
of the transducer to the heart. It is also possible to 
obtain Doppler information with this technique. Bi- 
plane or multiplane probes are preferred.’ 

Despite improved imaging, TEE has had limited vet- 
erinary application.* ° Reasons include the high cost 
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FIGURE 8-1 


(A) Heart in long-axis view, depicting the three standard M-mode echo beam orientations. (B) 
Associated M-mode echo images of a normal dog. Frame A (apical left ventricular level at the level of 
the chordae tendineae): The transducer sends ultrasound waves (in sequence) through the right 
chest wall, right ventricular wall and chamber, interventricular septum, left ventricular chamber, 
chordae tendineae, and left ventricular free wall. RVWED, right ventricular wall at end-diastole; 
RVEDD, right ventricular end-diastolic diameter; TV, tricuspid valve; /VSED, interventricular septum 
at end-diastole; /VSES, interventricular septum at end-systole; LVEDD, left ventricular end-diastolic 
diameter; LVESD, left ventricular end-systolic diameter; LVWED, left ventricular wall at end-diastole; 
LVWES, left ventricular wall at end-systole; LVWA, left ventricular wall amplitude; CT, chordae 
tendineae. 

Frame B (mid left ventricular, or mitral valve, level): The echo beam traverses the right heart. 
Depending on the transducer angle, it may intersect the tricuspid valve, the most basilar portion of 
the interventricular septum, the anterior and posterior mitral valve leaflets, and the left ventricular 
free wall. RV, right ventricle; D, initial mitral valve opening; E, maximum early diastolic mitral valve 
opening; F, closure of leaflets after early diastolic filling; the slope from E to F is the velocity of 
diastolic closure (and if this is not a straight line, point F, is also used); C, closure of mitral leaflets 
just before systole; EPSS, E-point septal separation; AMV, anterior mitral valve; PMV, posterior mitral 
valve. 

Frame C (aortic root and left atrial level): The echo beam traverses the right heart, aortic root and 
aortic valve, and left atrium. RV, right ventricle; Ao, aortic root; AS, aortic valve during systole; AD, 
aortic valve during diastole; AA, aortic amplitude; LA, left atrium. A simultaneous ECG is recorded 
to facilitate timing of the cardiac cycle. 


134 DIAGNOSTIC METHODS 


of the specific transducers, the need to anesthetize the 
animal to perform this procedure, and increased time 
required for examination. 


THREE-DIMENSIONAL 
ECHOCARDIOGRAPHY 


Technologic enhancements in 2-D imaging have fos- 
tered improved methodologies for assessing heart size 
and cardiac structure and function by three-dimen- 
sional echocardiography." '°* Advantages include the 
ability to assess anatomic geometry and associated ven- 
tricular function reliably; disadvantages include the 
need for special equipment, software, and training. 


SPECIAL ECHOCARDIOGRAPHIC 
TECHNIQUES 


In addition to transthoracic and transesophageal 
echocardiographic examination, other imaging tech- 
niques can sometimes provide useful information." 


CONTRAST ECHOCARDIOGRAPHY 


When Doppler echocardiography is unavailable, mi- 
crobubbles in a peripheral venous injection reflect 
ultrasound and assist in identifying right-to-left intra- 
cardiac shunting. Microbubbles do not traverse the 
pulmonary or systemic capillaries but are filtered out 
by pulmonary capillaries with a diameter of 8 p. They 
are easily created by agitating saline (3 to 10 ml) with 
0.5 to 1 ml of air, or by a 1:4 mixture of the animal’s 
blood and saline. Excess air is eliminated from the 
syringe and the agitated solution is immediately in- 
jected into a large vein during echocardiographic ex- 
amination. 

Simultaneous cardiac imaging visualizes blood flow 
by observing microbubbles entering the right atrium 
and right ventricle; if a right-to-left shunt is present, 
microbubbles appear in the left heart (Figs. 8-2, 8-3; 
see also Fig. 24-52B). A negative contrast effect is 
recorded by noncontrast-containing blood shunting 
into a chamber containing microbubbles (Fig. 8-3, 
Frame 2). 


FIGURE 8-2 


Contrast two-dimensional echoes (long axis four-chamber view recorded at the right parasternal 
position) of a boxer with an ostium secundum-type, predominantly right-to-left-shunting atrial 
septal defect. Frame 1: Contrast (C) first appears in the right atrium (Ra). Frame 2: The contrast has 
filled the right atrium and right ventricle (white arrows) and has crossed the atrial septal defect (ASD) 
into the left atrium. Frame 3: The left atrium is filled with contrast. Frame 4: All chambers contain 
contrast. The echogenicity of the contrast bubbles is greater in the right heart. Contrast is still being 
injected and therefore continues to fill the right atrium. Frame 5: Contrast has virtually cleared from 
the left heart. Frame 6: Remaining contrast in the right heart continues to the atrial septal defect 
(ASD), and bubbles are seen in the left ventricle. Rv, right ventricle; S, interventricular septum; Lv, 


left ventricle; Ra, right atrium; La, left atrium. 


DOPPLER ECHOCARDIOGRAPHY 


Most cardiac disorders affect blood flow velocity or 
direction. Doppler echocardiography permits evalua- 
tion of these characteristics within the heart and great 
vessels. It utilizes the Doppler principle, which is based 
on the change in reflected sound wave frequency that 
occurs when sound waves strike a moving object. 

Ultrasound waves generated from the transducer are 
reflected from red blood cells. Since the transmitted 
frequency is known and the frequency of reflected 
ultrasound is measured, the difference between trans- 
mitted and received signals can be determined. This 
shift in frequency, the Doppler shift or Doppler frequency, 
represents the difference in the transmitted and re- 
ceived frequencies.'! '° 

Doppler echocardiography assesses direction and ve- 
locity of blood flow based upon measurement of the 
frequency shift of reflected ultrasound signals. Since 
velocity = frequency X wavelength, the magnitude of this 
shift is proportional to RBC velocity: 


Af X C 


V= >">. 
2f, X cos O 
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FIGURE 8-3 


Contrast two-dimensional echoes (long axis four-chamber view 
recorded from right parasternal position) of a dog with a sinus 
venosus-type, bidirectional-shunting atrial septal defect. A 
nonselective echocontrast study is performed by peripheral 
venous injection of agitated saline. Frame 1 (A) shows a dilated 
left atrium (LA), right atrium (RA), and left ventricle (LV). A high 
ASD of the sinus venosus type is indicated (arrow) in the 
interatrial septum (JAS). VS, interventricular septum; AMV, 
anterior mitral valve leaflet. Frame 2 (B) is taken after injection of 
echocontrast. During early systole, left atrial blood shunts 
through the defect into the right atrium. This shunted blood 
(arrow) from the left atrium is without contrast (and thus appears 
black); it is surrounded by the echoreflective, white-appearing 
microbubbles, creating a negative contrast effect. C, contrast. Frame 
3 (C) is during mid to late systole; microbubble-laden blood 
(arrows) shunts from the right atrium to the left atrium. 


where V is flow velocity of blood cells (m/sec); C is 
speed of ultrasound in blood; f, is transmitted fre- 
quency (for any given transducer); Af is shift in trans- 
mitted frequency (Doppler shift); and © is the inter- 
cept angle. By rearranging this equation 


Af = 2f, X V x cos O 
C 
TRANSDUCER FREQUENCY. According to these equa- 
tions, the Doppler shift (Af) is greatly influenced by 
transducer frequency. The higher the transducer fre- 
quency (e.g., 7.5 MHz versus 2.5 MHz), the lower the 
velocity of blood flow that can be measured. 


DIRECTION OF BLOOD FLOW. Sound waves that strike 
RBCs moving toward the transducer are reflected off 
the RBCs at a higher frequency. This is displayed as a 
spectral recording above the baseline and denotes a 
positive Doppler shift (Figs. 8-4, 8-5; see also Figs. 
8-15, 8-16B; 24-9D, 24-16, 24-38, and 24—56D). Con- 
versely, sound waves that strike RBCs moving away 
from the transducer are reflected back at a lower fre- 
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FIGURE 8-4 


Continuous-wave Doppler echo examimations. A horizontal line in each 
frame indicates the baseline. In frames 1 and 2, the distance between 
markers = 1 meter/sec. A simultaneously recorded ECG accompanies each 
Doppler trace. Frame 1: Dog with congenital pulmonic stenosis; right 
cranial position with the Doppler courser placed through the RV outflow 
tract and pulmonary valves in the short-axis view. Blood flows during systole 
through the pulmonary valves away from the transducer (below the 
baseline), and the trace depicts increased velocity caused by pulmonic 
stenosis (PS). Using the modified Bernoulli equation (AP = 4 X velocity’), 
the pressure gradient (AP) across the stenotic valves is approximately 121 
mmHg [i.e., 4 X (5.5 m/s)*]. There is also diastolic flow of pulmonic 
insufficiency (PI) toward the transducer (above the baseline). 

Frame 2: Dog with congenital subaortic stenosis; left caudal (apical) 
position with the Doppler courser placed in the LV outflow tract in the 
five-chamber view. Blood flows during systole through the aortic valves away 
from the transducer, and the trace depicts increased velocity below the 
baseline from aortic stenosis (AS). The transvalvular gradient is about 110 
mmHg |[i.e., 4 X (5.25 m/s)*]. There is also diastolic flow of aortic 
insufficiency (AI) toward the transducer (above the baseline) from blood 
regurgitating back through the aortic valves. 

Frame 3: Cat with mitral stenosis; left caudal (apical) position with the 
Doppler courser placed through the mitral valves in the four-chamber view. 
Stenotic mitral valves increase peak transvalvular blood flow velocity in early 
diastole, followed by an abnormally slow diastolic descent. The mitral 
pressure half-time is greatly prolonged (80 to 100 msec; normal, less than 
30 msec). MS, diastolic filling profile of mitral stenosis; MR, systolic jet of 
mitral regurgitation. ECG is at bottom. 


quency. This is displayed as a spectral recording below 
the baseline and denotes a negative Doppler shift 
(Figs. 8-4, 8-5, 8-15, 8-16 see also Figs. 24-1, 24~9C, 
24-16, and 24-20). 


ACCURACY OF DOPPLER VELOCITY DETERMINATION. The 
intercept angle, theta (O), is a key factor influencing the 


accuracy of gradients determined by Doppler echocar- 
diography. It represents the angle between the ultra- 
sound beam and the moving RBCs. When Doppler 
echo beam alignment is parallel to moving RBCs, 
blood velocity is most accurately measured. In contrast, 
2-D and M-mode echocardiography require the beam 
to be perpendicular to tissue interfaces for ideal im- 


FIGURE 8-5 

Pulsed-wave (A) and continuous (B) Doppler echo traces from a 
dog with chronic acquired mitral insufficiency imaged with a 3.25 
MHz transducer. (A) The pulsed-wave Doppler sample gate was 
placed at the mitral valve orifice in the left apical four-chamber 
view. Peak diastolic transmitral filling velocities (1.5 m/s) 
appearing above the baseline are within the Nyquist limit (3.0 m/ 
s) for this configuration and are accurately profiled. In contrast, 
the peak velocity of the systolic mitral regurgitation jet exceeds the 
Nyquist limit, and its spectral recording is aliased. This is depicted 
as a band “wrapping around” above and below the baseline 
(arrows). (B) Continuous-wave Doppler echo differentiates both the 
direction and maximal velocity (approximately 5.6 m/s) of the 
systolic mitral regurgitant jet. 


aging. When the Doppler beam is parallel to blood 
flow, the intercept angle between the ultrasound beam 
and blood flow is zero degrees, and cos O becomes 1. 
Measured velocity will then represent true velocity. If 
the intercept angle is wide, there will be a greater 
reduction in measured blood flow velocity compared 
with true velocity. Practically speaking, if the intercept 
angle is less than 20°, the percent error in velocity 
determination is less than 6 percent. Angles greater 
than 25° generally yield unacceptable quantitative esti- 
mates of velocity. 


CHARACTERISTICS OF BLOOD FLOW 


Blood flow velocities are represented as a spectral 
display or analysis of Doppler shift information. In 
reality, the spectral recording comprises a series of 
“bins” (vertical axis) recorded over time (horizontal 
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axis), which represent the relative numbers of cells 
moving at a particular velocity. This velocity spectral 
analysis depicts a complex plot of the various velocities 
(Y axis) moving forward and backward in temporal 
association with the cardiac cycle. 


DEFINITIONS. Cardiovascular blood flow has certain 
characteristics that can be measured with Doppler 
echocardiography. Normally, blood displays laminar 
flow. That is, most RBCs move with equal velocity, 
accelerate and decelerate in the same direction and at 
the same time, and have similar Doppler shifts. Normal 
blood flow through the heart and great vessels rarely 
exceeds 1.2 m/sec in the cat and 1.5 m/sec in the 
dog. Blood flow is pulsatile, exhibiting slightly differ- 
ent profiles with acceleration and deceleration. 

Disturbed flow, or turbulent flow, results when there 
is disruption to the normal laminar pattern (e.g., by 
obstruction to flow). This causes the orderly movement 
of RBCs to become disorganized, resulting in whorls 
and eddies of different velocities and directions. Re- 
corded Doppler shifts depict a profile of spectral broad- 
ening caused by heterogeneity of blood flow direction 
and velocities. 


PATHOLOGIC VERSUS NONPATHOLOGIC TURBULENT FLOW. 
Turbulent flow patterns can exist without structural 
cardiac abnormalities when flow velocities are in- 
creased, or with congenital or acquired conditions.’ 
Transition of laminar to turbulent flow occurs over a 
wide range of flow rates. This has been estimated by 
the Reynold’s number, a dimensionless parameter used to 
characterize flow. As it increases, so does the tendency 
toward turbulent flow. The Reynold’s number (Nr) is 
represented by the equation 


Nr = (2r)(v) (p/n) 


where ris the radius of the cylinder, v is the mean flow 
velocity, p is the mass density of blood, and y is the 
blood viscosity. Within pipes, the tendency for turbu- 
lent flow increases as the Reynold’s number approxi- 
mates a value of 2300. Thus, turbulent flow patterns 
can occur in some normal animals with rapid blood 
flow in large vessels. This is most often encountered 
in practice during clinical evaluation of a soft, systolic 
murmur, especially in young, large-breed dogs immedi- 
ately following exercise, when rapid flow through the 
proximal aorta may occur. Thus, in dogs with “inno- 
cent” or “functional” murmurs, 2-D examination will 
reveal normal cardiac structure and function, and 
Doppler echo studies disclose relatively normal flow 
dynamics, except for slightly increased transvalvular ve- 
locity. 

In contrast, flow through a small (stenotic) orifice 
into a larger chamber causes turbulence at a lower 
Reynold’s number (200 to 500). For example, a small, 
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left-to-right-shunting ventricular septal defect (VSD) 
has reduced radius (r) with increased driving pressure 
from the left ventricle. This causes much turbulence 
(and a loud murmur) but an insignificant shunt vol- 
ume. Alternatively, severe mitral regurgitation with mi- 
tral valve dysplasia may cause minimal turbulence (and 
a soft murmur) but a significant regurgitant volume. 
This results from a very large valve orifice (radius) and 
huge receiving chamber, which lower the turbulent 
threshold. 


DERIVED INFORMATION FROM DOPPLER 
EXAMINATION 


Using velocity data obtained from the Doppler exami- 
nation and dimensional information obtained from the 
echocardiographic image, a variety of calculations can 
be made. These include intracardiac chamber pres- 
sures,'*'° pressure gradients,!* '*!° flow volume and out- 
put,- valve area,*°** regurgitant fractions,” shunt 
ratios,** * and others. Interrogation of cardiac blood 
flow by Doppler echocardiography can provide exten- 
sive information relative to the presence, location, and 
extent of abnormal flow, obstruction to blood flow, and 
systolic or diastolic dysfunction. 


ESTIMATION OF PRESSURE GRADIENTS. Obstruction to 
blood flow (e.g., valvular stenosis) increases velocity 
across the stenotic region. Resultant systolic jets may 
attain maximal peak velocities of 5 or 6 m/sec. The 
gradient (i.e., pressure drop) across an obstruction 
may be calculated by the simplified Bernoulli equation: 


Pi — Po = 4v? 


where p — f approximates the pressure gradient 
across an obstruction (e.g., across a stenotic valve), 
and v is the maximal velocity distal to the obstruction 
(see Fig. 8-4). 

Differences exist between pressure gradients calcu- 
lated by Doppler studies and cardiac catheterization 
(Fig. 24-1). Doppler studies are usually performed 
in unanesthetized patients and represent the maximal 
(peak) instantaneous pressure gradient. Doppler echocar- 
diography may underestimate maximal blood flow ve- 
locities and calculated pressure gradients if parallel 
beam orientation to blood flow is not attained. The 
Doppler echo peak instantaneous gradients are usually 
higher than the catheterization-derived peak-to-peak 
gradients.'” In contrast, commonly reported catheter- 
ization-derived gradients represent the ventricular to 
systemic artery peak-to-peak pressure gradient. Measure- 
ment of the peak instantaneous catheterization gradi- 
ent is usually higher than the peak-to-peak gradient, 
but accurate measurement of the former requires 
more time and is prone to error, especially when fluid- 
filled catheters are used. Cardiac catheterization re- 


quires anesthesia, which may reduce ventricular pres- 
sures and associated gradients by 50 to 60 percent, 
compared with most Doppler echo examinations. 


CONTINUOUS AND PULSED-WAVE 
DOPPLER ECHOCARDIOGRAPHY 


Prior to color-flow Doppler imaging, conventional 
Doppler methods utilized spectral Doppler techniques 
in the form of continuous and pulsed-wave Doppler 
echocardiography. Each uses the same transducer to 
send and receive ultrasound. 


PULSED-WAVE DOPPLER ECHOCARDIOGRAPHY 


Pulsed-wave (PW) Doppler echo uses the same trans- 
ducer to alternate between sending and receiving 
sound waves. 


ADVANTAGES. This system can provide Doppler shift 
data selectively along the ultrasound beam at any given 
range (known as depth discrimination or range resolu- 
tion) by positioning an electronically controlled sam- 
ple volume to a desired location. Blood flow at a 
specific point within the heart or vessel can be mea- 
sured by adjusting the time-gate delay control to re- 
ceive only the ultrasound waves reflected from RBCs 
at that particular point and depth. Blood flow can be 
“mapped” as to the location, extent, and velocity of 
abnormal flow by manually and systematically moving 
the sample gate within a vessel or cardiac chamber. 
This time-consuming process is shortened with color- 
flow Doppler echocardiography (discussed later). 


DISADVANTAGES. Pulsed-wave Doppler echocardiogra- 
phy has limited ability to measure high blood flow 
velocities such as occur frequently with acquired or 
congenital valvular diseases. To measure blood flow 
velocity accurately, the sampling rate must be suffi- 
ciently high relative to the flow velocity of interest 
(see Nyquist limit, later). Also, since beam divergence 
occurs, the farther into the heart the sample volume 
is placed, the larger it becomes, and depth resolution 
becomes compromised. 


CONTINUOUS-WAVE DOPPLER 
ECHOCARDIOGRAPHY 


Continuous-wave (CW) Doppler echocardiography 
uses separate transmitting and receiving crystals within 
a transducer. This enables ultrasound waves to be con- 
tinuously transmitted and received. 


ADVANTAGES. CW Doppler echocardiography accu- 
rately measures high blood velocities. In certain con- 


genital disorders, it is important to evaluate maximal 
blood flow velocities and quantitatively evaluate true 
blood flow profiles. This is most important when as- 
sessing the severity of gradients caused by aortic and 
pulmonic valvular stenosis. 


DISADVANTAGES. CW Doppler echocardiography is un- 
able to selectively sample at a given location and lacks 
depth discrimination. The CW beam contains Doppler 
shift information all along the course of its ultrasound 
beam. It does not allow selective placement of a given 
Doppler sample volume, making it difficult to localize 
defects. 


COLOR-FLOW DOPPLER 
ECHOCARDIOGRAPHY 


Color-flow (CF) Doppler echocardiography synthe- 
sizes the anatomic image of the two-dimensional or M- 
mode echocardiogram with Doppler blood flow char- 
acteristics to create a spatially correct, dynamic image. 
Color-flow mapping speeds the complete Doppler 
echocardiographic examination.” 

Because CF Doppler echoes are derived from 
pulsed-wave Doppler echocardiography, they are sub- 
ject to similar limitations. In contrast to pulsed-wave 
Doppler, which has a single-range gate or sample vol- 
ume, CF Doppler utilizes multiple sampling gates to 
construct a composite image.” This is accomplished 
by sampling every point in the scan plane (line density) 
to determine the Doppler shift from the returning 
signals and processing these data when the multiple 
gates are analyzed. 

Increased spatial information of blood flow is achieved 
when ultrasound waves are emitted as bursts of pulses, 
called a pulse train”? The pulse repetition frequency (PRF) 
is determined by the time between pulse trains. The 
packet size describes a burst of ultrasound pulses, which 
is determined by successive pulse trains along a given 
line at a given angle. The higher the packet size and the 
greater the line density, the better the color image. 
However, the larger the packet size, the smaller the line 
density, and vice versa. Line density and packet size 
are automatically adjusted when the echocardiographer 
selects the sector angle and depth range. Color images 
are maximized by the narrowest sector angle and low 
imaging depth, but these settings decrease spatial orien- 
tation. Thus, trade-offs exist between instrumentation 
settings for obtaining the best image. These are manipu- 
lated by the operator to achieve the optimal desired 
format for particular needs. 

The mean frequency-shift obtained from the multi- 
ple gates or sample volumes is coded with color to 
indicate direction and velocity.” By standard conven- 
tion, blood flowing toward the transducer is coded 
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red, and blood flowing away from the transducer is 
coded blue. Blood flow velocity is indicated by the 
intensity of the color. Thus, slowly moving blood is 
colored dark; faster-moving blood is colored brightly. 


VARIANCE 


When blood flow is laminar, mean velocity is close 
to peak velocity. In contrast, turbulent flow causes 
broadening of the velocity spectrum, with many differ- 
ent velocities occurring simultaneously. Variance ex- 
presses the degree that velocities within a given sample 
volume differ from the mean velocity. Echocardio- 
graphs incorporate methods to detect this spectral 
broadening variance detection by use of color-en- 
hanced variance maps. These add shades of green or 
vary hues of blues and reds with brighter and less 
bright colors to detect variance.” 


ALIASING AND THE NYQUIST LIMIT 


When blood velocity exceeds the ability of pulsed- 
wave Doppler to record it accurately, the phenomenon 
of aliasing occurs. The Nyquist limit defines the maximal 
velocity that can be recorded by pulsed-wave Doppler 
without aliasing: 


I > 
Nyquist limit = Number pu ses/ sec 


This specifies that measurements of frequency shifts 
(i.e., blood velocity) are accurate only when the pulse 
repetition frequency (PRF) is at least twice the de- 
tected maximal velocity (i.e., the Doppler shift fre- 
quency).! 

Aliasing is depicted on the spectral display as a band 
that “wraps around” the baseline and results in ambig- 
uous depiction of the velocity profile (see Fig. 8-5A). 
Because color-flow Doppler is a form of pulsed-wave 
Doppler, determination of high-velocity blood flow is 
subject to the same limitations. Aliasing is manifested 
by the colors “wrapping around” and results in color 
reversal. For example, if the velocity of blood flow 
moving toward the transducer exceeds the Nyquist 
limit, the normal red color will become very bright or 
light orange; it will turn to very light blue or white 
when higher velocity is detected; and ultimately, it 
turns to darker shades of blue if velocities are higher 
yet. 


CONTROL OF ALIASING AND THE 
NYQUIST LIMIT 


The Nyquist limit (i.e., the maximal recordable ve- 
locity with PW Doppler) is controlled by two factors: 
(1) depth into the tissue, and (2) transducer fre- 
quency. The maximum PRF is limited by the distance 
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into the heart that the sample volume is placed. The 
closer the sample volume is located to the transducer, 
the higher the maximum PRF (and the higher the 
Nyquist limit). Conversely, the farther the sample vol- 
ume is placed into the heart, the lower the maximal 
PRF becomes, and in a practical sense, the lower the 
maximal velocity that can be recorded without aliasing. 

Transducer frequency affects the Nyquist limit (i.e., 
the maximal recordable velocity with PW Doppler). 
Switching to a lower-frequency transducer increases 
the maximal velocity that can be recorded until the 
Nyquist limit is exceeded. The disadvantage of a 
low-frequency transducer is that it reduces the signal- 
to-noise ratio and related image quality. Another tech- 
nique to overcome signal aliasing is to move the base- 
line to the top or bottom of the trace, which expands 
the frequency range. 


THE TWO-DIMENSIONAL 
AND M-MODE 
ECHOCARDIOGRAPHIC 
EXAMINATION 


The foundation of diagnostic echocardiography is 
two-dimensional imaging. Therefore, selection of a ma- 
chine that provides high image quality is critical. The 
greatest usefulness of Doppler echocardiography is for 
congenital heart disease evaluation, although assess- 
ment of certain acquired disorders is often assisted. 

To provide maximal diagnostic information, the 
echocardiographic examination should systematically 
evaluate multiple tomographic planes from both sides 
of the thorax, beginning with 2-D echocardiography, 
and followed by M-mode, color-flow mapping, and 
spectral Doppler echocardiographic techniques.** *° 
This requires that the clinician (1) understand normal 
three-dimensional cardiovascular anatomy and relate 
it to images obtained from various imaging planes, (2) 
recognize and understand the effects of pathologic 
changes on cardiac structure and function, and (3) 
apply the basic principles of diagnostic ultrasound to 
adjust the instrument, maximizing diagnostic image 
quality. 

Although most animals do not require tranquiliza- 
tion, some cases require chemical restraint to facilitate 
a good examination. Chemical agents variably alter 
heart rate, indices of cardiac function, and Doppler 
measurements. 

Transthoracic imaging does not usually require shav- 
ing the hair. However, generous application of cou- 
pling gel is always beneficial. 

Appropriate patient positioning facilitates transtho- 
racic echocardiographic examinations. An elevated 


platform (wood or Plexiglas) with cut-out holes, or a 
table with cut-out holes or notches upon which the 
patient is placed (Fig. 8-6) is very helpful. With the 
animal restrained in lateral recumbency over the ap- 
propriate-sized hole, the transducer is directed up 
through the hole against the thorax. This allows the 
heart to lie closer to the dependent thoracic wall and 
thus, nearer the transducer. 

Selection of a transducer with optimal frequency for 
the individual is important; echocardiographic instru- 
ments and patient size must be considered. In general, 
high-frequency transducers (e.g., 7.5 MHz) provide the 
best 2-D and M-mode image detail but have less tissue 
penetrating ability and are unable to record high-veloc- 
ity blood flow in the Doppler mode. The latter is 
facilitated by lower-frequency transducers. 

Examinations usually start from the right parasternal 
position. Once the heart is visualized, the depth setting 
is optimized, followed by the time gain compensation 
(TGC) controls (adjusted to compensate for loss of 
ultrasonic energy as the beam traverses the thorax), 
and the degree of reject and compression is set. With 
color-flow mapping, adjustments in frame rate, quality, 
sector angle, and other manipulations are made to 
optimize structures of interest in each view. 

The transducer is initially positioned in the right 4th 
to 5th intercostal space. In directing the transducer, it 
is important to remember that the long- and short-axis 
views refer to the heart and not to the thorax. It may 
be helpful to conceptualize the heart as it appears in 


FIGURE 8-6 


Patient examination table that we use for transthoracic echo and 
Doppler echo examination. Rectangular or circular holes are cut 
into the platform. The patient is restrained in lateral recumbency 
with the desired thoracic location (‘‘window’’) placed over the 
appropriately sized hole. The transducer is then introduced from 
the bottom. When a rectangular opening is used, smaller animals 
can be positioned at an angle and larger animals along its long 
axis to obtain the best access. 


4d 


thoracic radiographs during the examination. Stan- 
dard echocardiographic views are then obtained.” 


STANDARD IMAGING PLANES FOR TWO- 
DIMENSIONAL ECHOCARDIOGRAPHY 


Standard imaging planes (also called views) have 
been adapted from human echocardiography and 
modified for animals (Fig. 8-7). °° They are desig- 
nated based upon (1) transducer location (also called 
“windows”), (2) spatial orientation of the imaging 
plane, and (3) recorded structures. For example, 
“right parasternal long axis” describes a view recorded 
with the transducer positioned on the right parasternal 
location and the imaging plane oriented parallel to 
the left ventricular long axis. Animals vary with respect 
to optimal transducer locations.*° 


Right Parasternal Window 


FIGURE 8-7 


Standard transducer locations (‘‘windows’’) for transthoracic 
echocardiography. See text for details. (From Thomas WP, Gaber 
CE, Jacobs J, et al. Recommendations for standards in 
transthoracic two-dimensional echocardiography in the dog and 
cat. J Vet Intern Med 7:247-252, 1993, with permission.) 
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RIGHT PARASTERNAL LOCATION 


This transducer location is between the right 3rd 
and 6th (usually 4th to 5th) intercostal spaces (Fig. 
8-7). The two principal imaging planes include long- 
axis views (Fig. 8-7A) and short-axis views (Fig. 8-78). 
The M-mode echocardiogram is usually derived from 
either the long-axis view showing part of the left atrium 
and aorta, or the short-axis views. When recording the 
M-mode from short-axis views, it is important to tran- 
sect the heart directly in the middle in the true minor 
axis and avoid angled or oblique views. 


LONG-AXIS VIEWS. Two views are generally obtained 
(Fig. 8-8A): (1) a four-chamber view with the ventricles 
(cardiac apex) displayed to the left and atria (cardiac 
base) displayed to the right, and (2) a second view 
obtained by slight clockwise transducer rotation show- 
ing the left ventricular (LV) outflow tract, aortic valve, 
and aortic root. 


SHORT-AXIS VIEWS. These are obtained by rotating the 
transducer and beam plane 90° from long-axis views 
(Fig. 8-8B). By then angling the beam plane from 
apex (ventral) to base (dorsal), a series of progressive 
views are obtained at the level of the LV apex, papillary 
muscles, chordae tendineae, mitral valve, and aortic 
valve, respectively. 


LEFT CRANIAL PARASTERNAL LOCATION 


This is located between the left 3rd and 4th intercos- 
tal spaces between the sternum and costochondral 
junctions (Fig. 8-94). 


LONG-AXIS VIEWS. A series of views may be obtained 
with the beam plane oriented approximately parallel 
with the long axis of the body and heart (Fig. 8-94). 


SHORT-AXIS VIEWS. A series of short axis orientations is 
obtained by rotating the transducer beam 90° from the 
long-axis view (Fig. 8-98). 


LEFT CAUDAL (APICAL) LOCATION 


This location is close to the sternum between the 
5th and 7th intercostal spaces (Fig. 8-10). 


LEFT APICAL FOUR- AND FIVE-CHAMBER VIEWS. A four- 
chamber view of the heart oriented vertically may be 
obtained with the left side of the heart appearing to 
the right, the right side of the heart appearing to the 
left, and the ventricles in the near field (Fig. 8-10A). 
A left ventricular outflow region may be brought into 
view by tilting the beam slightly cranial from the four- 
chamber view. A five-chamber view is denoted when all 
four cardiac chambers, both atrioventricular valves, 
and the aortic valve appear in one plane. 
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Long-Axis 4-Chamber View 


Long-Axis LV Outflow View 


FIGURE 8-8 


B 


Short-Axis Views 


Two-dimensional echo views recorded from the right parasternal transducer location. Illustrations of 
the heart displayed from the right side contain different echo transducer alignments. These fan- 
shaped echo beam orientations transect the heart to produce corresponding tomographic 2-D echo 
images. 

(A) Long-axis four-chamber view and long-axis view that optimizes the left ventricular outflow 
region. In the long-axis view that optimizes the LV outflow region, the body of the left atrium, left 
ventricle, and aorta usually cannot be imaged together in a single plane from this location. This 
results in only a small portion of the left atrium being imaged, compared with the four-chamber 
view. RV, right ventricle; TV, tricuspid valve; RA, right atrium; LV, left ventricle; VS, interventricular 
septum; LVW, left ventricular posterior (caudal) wall; CH, chordae tendineae; PM, papillary muscle; 
MV, mitral valve; LA, left atrium; AO, aorta; LC, left cusp (aortic valve); RPA, right pulmonary artery. 
(B) Two-dimensional short-axis echo views obtained from the right parasternal transducer location. 
The center diagram illustrates the beam orientations used to obtain images at six levels of the left 
ventricle. Corresponding images are depicted clockwise starting from the bottom. Sections A to F 
show progressive views from the level of the apex (A), papillary muscle level (B), chordae tendineae 
level (C), mitral valve level with the mitral valves open during diastole (D), aortic valve level (diastole) 
(E), and basilar level showing the pulmonary arteries (F). RV, right ventricle; LV, left ventricle; CH, 
chordae tendineae; PM, papillary muscle; LVO, left ventricular outflow tract; PMV, posterior 
(parietal) mitral valve cusp; RVO, right ventricular outflow tract; AMV, anterior (septal) mitral valve 
cusp; PPM, posteromedial (dorsal) papillary muscle; APM, anterolateral (ventral) papillary muscle; 
PV, pulmonary valve; RA, right atrium; TV, tricuspid valve; LA, left atrium; NC, noncoronary or septal 
aortic valve cusp; RC, right aortic valve cusp; LC, left aortic valve cusp; CaVC, caudal vena cava; PA, 
main pulmonary artery; RPA, right pulmonary artery; LPA, left pulmonary artery; RAu, right auricle; 
AO, aorta. (From Thomas WP, Gaber CE, Jacobs J, et al. Recommendations for standards in 
transthoracic two-dimensional echocardiography in the dog and cat. J Vet Intern Med 7:247-252, 


1993, with permission.) 


LEFT APICAL TWO-CHAMBER VIEWS. When the beam 
plane is nearly perpendicular to the long axis of the 
body and parallel to the long axis of the heart, a two- 
chamber long-axis view is obtained of the left atrium, 
mitral valve, and left ventricle (Fig. 8-108B). 


STANDARD IMAGING PLANES FOR 
M-MODE ECHOCARDIOGRAPHY 


M-mode echocardiograms are derived from 2-D im- 
ages that guide proper spatial and anatomic orienta- 
tion. Most M-mode data are derived from the right 
parasternal long-axis view of the left ventricle, al- 


though the short-axis views often allow better anatomic 
alignment. Standard recordings are made (1) through 
the aorta and left atrium, (2) left ventricle at the mitral 
valve level, and (3) left ventricle at the level of the 
chordae tendineae (see Fig. 8-1). 


THE DOPPLER 
ECHOCARDIOGRAPHIC 
EXAMINATION 


If color-flow Doppler echocardiography is available, 
it is used first to map abnormal flow patterns and 
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Long-Axis View 1 
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then guide the pulsed or continuous-wave Doppler 
examination in order to attain maximal velocity for 
blood flow measurements.*! The Doppler examination 
is initiated with the animal positioned in right lateral 
recumbency (see Fig. 8-8). The animal is then turned 
to left lateral recumbency and examined both from a 
cranial (Fig. 8-9) and caudal (apical) (Fig. 8-10) posi- 
tion. For optimal Doppler studies, the ultrasound 
beam is directed as parallel as possible to blood flow. 
From the cranial position, the base of the heart and 
the great vessels can be thoroughly interrogated. From 
the caudal (apical) position, the two-chamber, four- 
chamber, and five-chamber views of the heart can be 
seen. Each cardiac transection offers a different ana- 
tomic perspective. 


STANDARD IMAGING PLANES FOR 
DOPPLER ECHOCARDIOGRAPHY 


Transducer locations and imaging planes described 
for 2-D imaging are used for Doppler echocardio- 
graphic studies. Views that provide optimal parallel 
beam orientation are selected. Two additional loca- 
tions may be useful. 
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Short-Axis View 


FIGURE 8-9 


Two-dimensional echo views obtained from the left cranial parasternal 
transducer location. (A) Long-axis views: View 1 accentuates the LV 
outflow region. View 2 is an oblique view showing the left and right 
ventricle, tricuspid valve, right atrium inflow region, and long-axis view 
of the right atrium and caudal vena cava. View 3 shows the RV outflow 
tract, pulmonary valve, and main pulmonary artery. (B) Short-axis view 
at the level of the aortic root. Note that the right ventricular inflow 
and outflow tracts are displayed. For (A) and (B): RVO, right 
ventricular outflow tract; PV, pulmonary valve; TV, tricuspid valve; LV, 
left ventricle; RC, right aortic valve cusp; NC, noncoronary or septal 
aortic valve cusp; LC, left aortic valve cusp; AO, aorta; LA, left atrium; 
PA, pulmonary artery; RV, right ventricle; CaVC, caudal vena cava; RA, 
right atrium; RAu, right auricle. (From Thomas WP, Gaber CE, Jacobs 
J, et al. Recommendations for standards in transthoracic two- 
dimensional echocardiography in the dog and cat. J Vet Intern Med 
7:247-252, 1993, with permission.) 


SUBCOSTAL LOCATION 


With the animal in right or left lateral recumbency, 
the transducer is placed under the xiphoid and pushed 
dorsally into the abdomen, while held roughly parallel 
to the vertebral column. An apical two-chamber view, 
including the descending aorta oriented parallel to 
the transducer beam, can be obtained. Some animals 
object to this abdominal pressure unless sedated. 


SUPRASTERNAL LOCATION 


Although uncommonly used in veterinary medicine, 
this location may provide good alignment between 
aortic blood flow and the Doppler echo beam. The 
transducer is placed in the thoracic inlet and the beam 
directed toward the ascending aorta. 


GENERAL PRINCIPLES OF 
ECHOCARDIOGRAPHIC MEASUREMENT 


Cardiac dimensions have been assessed from either 
the M-mode or the 2-D echocardiogram.*” 5 * 4 Di- 
mensional measurements are more accurate when cal- 
culated from 2-D echo-guided M-mode traces. A variety 
of derived left ventricular calculations can be made 
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4-Chamber (Inflow) View 


5-Chamber (LV Outflow) View Long-Axis LV Outflow View 


ADVE 


FIGURE 8-10 


Long-Axis 2-Chamber View 


Two-dimensional echo views obtained from the left caudal (apical) parasternal transducer location. 
(A) Four-chamber inflow view displays all four cardiac chambers and provides optimal alignment for 
Doppler echo studies of mitral and tricuspid inflow. Slight cranial tilting of the beam produces the 
five-chamber view showing the LV outflow tract in addition to the left and right ventricular inflow 
tracts. (B) The long-axis two-chamber view and LV outflow view are obtained by directing the beam 


plane nearly parallel to the long axis of the heart. RV, right ventricle; LV, left ventricle; LA, left 
atrium; LAu, left auricle; VS, ventricular septum; AS, atrial septum; RA, right atrium; RVO, right 
ventricular outflow tract; AO, aorta; AMV, anterior (septal) mitral valve cusp; PMV, posterior (septal) 
mitral valve cusp; NC, noncoronary or septal aortic valve cusp; RC, right aortic valve cusp. (From 
Thomas WP, Gaber CE, Jacobs J, et al. Recommendations for standards in transthoracic two- 
dimensional echocardiography in the dog and cat. J Vet Intern Med 7:247-252, 1993, with 


permission.) 


from measurements of cardiac dimensions, including 
volume, LV mass, and wall stress. 


MEASURING TECHNIQUES 


Different methods have been described for measur- 
ing M-mode and 2-D images. Although variations are 
reported,* the most widely accepted standards follow 
recommendations set by the American Society of Echo- 
cardiography,* using the leading edge method for mea- 
suring. The leading edge represents the part of the 
line closest to the transducer; the trailing edge is the 
part of the line farthest from the transducer. Dimen- 
sions and wall thicknesses are measured from leading 
edge to leading edge. 

Measurements are timed to specific reference points 
in the cardiac cycle, according to simultaneous ECG 
recording (see Fig. 8-1). The higher M-mode sampling 
rate allows more precise timing and resolution than 2- 


D echocardiography. End-diastole is most reliably mea- 
sured at the onset of the QRS complex. End-systole is 
more difficult to define. If ventricular septal motion is 
normal, end-systole may be represented at the nadir 
of septal motion. Normally, the interventricular sep- 
tum and LV free wall move toward each other in systole 
and away from each other during diastole. However, 
peak motion may not correspond exactly because of 
the slight differences in myocardial depolarization. 
The septum is usually depolarized a few milliseconds 
before the free wall, causing it to contract sooner. 
When septal motion is abnormal, timing of the peak 
posterior wall motion can be selected. The end of the 
T wave has been described as a timing point, but this 
is generally inaccurate. 

Measurements of left ventricular chamber and walls 
should be made at the level of the chordae tendineae. 
Normally, the LV wall is approximately three to four 
times thicker than the right. Right ventricular chamber 


dimensions may vary according to whether the animal 
is in right or left lateral recumbency. Aortic root is 
measured at end-diastole. Left atrium is measured at 
end-systole at the maximal dimension (the standard 
M-mode long-axis parasternal view optimizing the LV 
outflow tract underestimates LA size). 


ASSESSMENT OF CARDIAC CHAMBER 
SIZE, DIMENSIONS, AND STRUCTURES 


The primary 2-D and M-mode imaging planes assess 
cardiac chamber dimensions, and related measure- 
ments help quantify systolic function. No single view 
provides all the information needed. Thus, multiple 
views should be obtained. 

Determination of normal from abnormal structures 
requires the clinician to compare size relationships 
of cardiac structures visually, apply published normal 
values when available, and use personal experience. 
The range of normality is greater in the dog* 15 
than in the cat due to the wider spectrum in canine 
size and weight. In the dog, relationships exist between 
certain echocardiographic mensurals, somatotype, and 
breed. Thus, charts listing “normal” values according 
to body size can be misleading and should be used 
only as a guide. They are most meaningful for dogs 
weighing between 14 and 22 kg than in the very small 
or large breeds. Although normal values have been 
recorded for some breeds (Table 8—1),°°°° data are 
limited for the normal, immature animal and for ex- 
tremes in body size and somatotype.”* 5°. 57 

Normal echocardiographic values have been re- 
ported for the cat (Table 8-2).5**° Although variation 
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due to body weight has been described, it does not 
appear to be as great a problem as in the dog. How- 
ever, because of the small size of the feline heart, 
suboptimal images frequently cause errors in measure- 
ment and interpretation. 

Additional measurements have been reported, in- 
cluding amplitudes of motion (left septal echo or left 
ventricular free wall echo), the rate of rise or fall of 
the left ventricular free-wall echo, and others. Once 
the echocardiogram has been measured, it is assessed 
to identify abnormalities in chamber size, wall thick- 
ness and motion, valve morphology and motion, and 
indices of cardiac function." * 


THE MYOCARDIUM 


Alterations in myocardial echogenicity can some- 
times be assessed with 2-D echocardiography. The ho- 
mogeneous appearance of the myocardium can be 
disrupted by diseases that produce hypoechoic areas 
(e.g., fluid-filled abscess from myocarditis or necrosis), 
mixed echoic areas (e.g., neoplasia such as a hemangi- 
osarcoma), or hyperechoic regions (e.g., increased fi- 
brous tissue or calcification, as sometimes occurs in 
papillary muscles with severe subaortic or pulmonic 
stenosis, or Duchenne’s cardiomyopathy). Instrument 
settings must avoid excessive gain or reject, which 
could mimic or simulate myocardial lesions. 


LEFT VENTRICLE 


DILATION. This is associated with (1) volume overload 
(especially mitral regurgitation with chronic acquired 
valvular disease in dogs; aortic insufficiency; left-to- 


TABLE 8-1 
Normal Canine M-mode Echocardiography Values for Eight Different Breeds 
English Pembroke 

Miniature Cocker Welsh Afghan Golden Irish 

Poodle"? Spaniel” Corgi”? Hound’? Retriever”? | Greyhound®™* Deerhound? Wolfhound”? 
Mensural (n = 20)* (n= 12)t (n= 20)* (n = 20)* (n = 20)* (n = 16)t (n= 21)t (n= 100) 
Weight (kg) 3 (1.4-9) 12.2 + 2.2 15 (8-19) 23 (17-36) 32 (23-41) 20.7-32.5 41.3 + 4.9 >50 
Heart rate (bpm) 150 (100-200) = 120 (80-160) 120 (80-140) 100 (80-140) = 125.7 + 30 = 
LVPWD (mm) 5 (4-6) EBA 8 (6-10) 9 (7-11) 10 (8-12) 12.1 + 1.7 10.0 + 1.8 9.5 + 2.1 
LVPWS (mm) 8 (6-10) — 12 (8-13) 12 (9-18) 15 (10-19) 15.2 + 2.2 15.3 + 2.2 15.0 + 3.3 
LVD (mm) 20 (16-28) 33.8 + 3.3 32 (28-40) 42 (33-52) 45 (37-51) 44.1 + 3.0 51.2 + 5.0 53.9 + 5.2 
LVS (mm) 10 (8-16) 22.2 + 2.8 19 (12-23) 28 (20-37) 27 (18-35) 32.5 + 3.5 340+5.1 35.2 +48 
FS (%) 47 (35-57) 34.3 + 4.5 44 (33-57) 33 (24-48) 39 (27-55) 25.4 + 6.3 33.5 + 5.8 35.2 + 4.9 
EPSS (mm) 0 (0-2) = 2 (0-5) 4 (0-10) 5 (1-10) — 7.8 + 1.6 7.4 + 1.5 
RVd (mm) 4 (2-9) — 10 (6-14) 10 (5-20) 13 (7-27) — 22.6 + 5.7 26.7 + 5.3 
IVSd (mm) 5 (4-6) 8.2 + 1.3 8 (6-9) 10 (8-12) 10 (8-13) 10.6 + 1.7 9.1 + 2.2 8.0 + 1.9 
IVSs (mm) 8 (6-10) 12 (10-14) 13 (8-18) 14 (10-17) 13.4 + 2.5 14.6 + 4.1 13.7 + 3.4 
AOD (mm) 10 (8-13) — 18 (15-22) 26 (20-34) 24 (14-27) = 29.6 + 3.7 30.5 + 4.0 
LAS (mm) 12 (8-18) — 21 (12-24) 26 (18-35 27 (16-32) = 28.4 + 3.9 33.7 + 5.9 


*Median (range). 

LVPWD, LV posterior wall dimension at end-diastole; LVPWS, LV posterior wall thickness at end-systole; LVD, LV chamber dimension at end-diastole; LVS, LV 
chamber dimension at end-systole; FS, percent fractional shortening; EPSS, E-point septal separation; RVD, RV chamber dimension at end-diastole; [VSd, 
interventricular septal thicknesss at end-diastole; [VSs, interventricular septal thickness at end-systole; AOD, aortic root at end-diastole; LAS, left atrium at 
end-systole. 

tMean + standard deviation. 
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TABLE 8-2 
Normal Feline M-mode Echocardiography Values* 
Sisson Moise Jacobs & Soderberg Pipers 

Fox et al® et al“ et al”? Knight Fox et al” Allen® et alf? et al”? 
Mensural (n = 37) (n = 79) (n = 11) (n = 30) (n = 30) (n = 10)} (n = 16)t (n = 25) 
LVEDD (cm) 1.46 + 0.20 1.5 + 0.2 1.51 + 0.21 159+ 0.19 1.40 + 0.13 1.29 + 0.12 1.28 + 0.17 148 + 0.26 
LVESD (cm) 0.82 + 0.15 0.72 + 0.15 0.69 + 0.22 0.80 + 0.14 0.81 +0.16 0.86 + 0.16 0.83 + 0.15 0.88 + 0.24 
Ao (cm) 0.95 + 0.11 0.90 + 0.14 0.95 + 0.15 0.95 + 0.11 0.94 + 0.11 0.90 + 0.07 0.94 + 0.14 0.75 + 0.18 
LA (cm) 1.09 + 0.18 1.17 + 0.17 1.21 + 0.18 1.23 + 0.14 1.03 + 0.14 1.03 + 0.07 0.98 + 0.17 0.74 +0.17 
LA/Ao (cm) — 1.25 + 0.18 1.29 + 0.23 1.30 + 0.17 1.10 + 0.18 — 1.09 + 0.27 = 
TVSED (cm) 0.37 + 0.07 0.42 + 0.7 0.50 + 0.07 0.31 + 0.04 0.36 + 0.05 0.43 + 0.03 — 0.45 + 0.09 
TVSES (cm) — 0.67 + 0.12 0.76 + 0.12 0.58 + 0.06 — — — S 
LVWED (cm) 0.36 + 0.06 0.41 + 0.07 0.46 + 0.05 0.33 + 0.06 0.35 + 0.08 0.4 + 0.04 0.31 + 0.11 0.37 + 0.08 
LVWES (cm) — 0.68 + 0.11 0.78 + 0.10 0.68 + 0.07 — — 0.55 + 0.80 — 
EPSS (cm) — 0.06 + 0.08 0.04 + 0.07 0.02 + 0.09 — — — — 
RVED (cm) — 0.46 + 0.17 0.54 + 0.10 0.60 +0.15 0.50 + 0.21 — — = 
LVWA (cm) = ae 0.50 + 0.07 = oo = 0.32 + 0.11 = 
AA (cm) = = 0.36 + 0.10 = = = = = 
MVEFS (mm/s) — — 54.5 + 13.4 87.2 + 26.0 — — 83.78 + 23.8 — 
%ES 44.2 + 8.2 52.1 + 7.1 55.0 + 10.2 498+5.3 42.74 8.1 34.05 + 2.5 34.5 + 12.6 41.0 + 7.3 
LVWT (%) — = 39.5 + 7.6 — — — 95.1 + 67.1 — 
IVST (%) — — 33.5 + 8.2 — — — — — 
HR (beats/min) — — 182 + 22 194 + 23 245 + 36 175 + 19.9 — 167 + 29 
Body weight (kg) 4.8 + 1.1 4.7 + 1.16 4.3 + 0.05 — 3.88 + 1.17 3.6 + 0.65 — 2.2 + 6.5§ 
Age (years) 6.08 + 3.6 5.1 (0.5-15)§ £ 4.11 +1.05 3.36 + 3.15 = = 1.1 + 5§ 


*Mean + SD; f, sedated with ketamine HCI; tsedated wth pentobarbital; §normal range. 

LVEDD, LV end-diastolic dimension; LVESD, LV end-systolic dimension; Ao, aortic root; LA, left atrium; LA/Ao, left atrium to aorta ratio; [VSED, intraventricu- 
lar septum at end-diastole; IVSES, intraventricular septum at end-systole, LVWED, LV posterior wall at end-diastole,; LVWES, LV posterior wall at end-systole; 
EPSS, E-point to septal separation; AA, aortic root amplitude; MVEFS, mitral valve E-F slope; %FS, % LV fractional shortening; LVWT, LV posterior wall 
thickening; IVST, interventricular septal thickening; HR, heart rate; —, not available. 


right shunts such as patent ductus arteriosus or arterio- 
venous fistulas), (2) dilated cardiomyopathy, and (3) 
high-output states such as chronic anemia or thyrotoxi- 
cosis. 


REDUCTION. The LV chamber size may be decreased 
with severe volume depletion as with severe dehydra- 
tion, hypoadrenocorticism, or hypovolemic shock; or 
inadequate blood return to the LA and LV (e.g., heart- 
worm disease, tetralogy of Fallot). 


THINNING. Thin LV posterior wall segments may show 
aneurysms or infarction, as commonly observed in 
feline cardiomyopathies. Dilated cardiomyopathy may 
cause the ventricular septum and free wall to become 
relatively thin. 


HYPERTROPHY. Left ventricular hypertrophy is associ- 
ated with (1) pressure overloads (e.g., aortic stenosis, 
arterial hypertension), (2) cardiomyopathy (especially 
hypertrophic cardiomyopathy and endomyocardial fi- 
brosis), (3) infiltrative myocardial diseases, and (4) 
hyperthyroidism. 


WALL MOTION ABNORMALITIES. Hyperkinesis may occur 
with mitral or aortic insufficiency, certain volume over- 
load states (e.g., severe anemia), hyperthyroidism, sym- 
pathetic stimulation, or hypertrophic cardiomyopathy. 
Hypokinesis may occur with dilated cardiomyopathy 
or diseases resulting in myocardial failure (e.g., doxo- 


rubicin cardiotoxicity, end-stage mitral insufficiency). 
Akinesis or dyskinesis may result from myocardial in- 
farction. These abnormalities may be global or re- 
gional. 


RIGHT VENTRICLE 


DILATION. Dilation often results from RV volume 
overload (commonly, tricuspid insufficiency; uncom- 
monly, atrial septal defects or severe pulmonic insuffi- 
ciency) and cardiomyopathy (especially dilated cardio- 
myopathy, but occasionally hypertrophic or restrictive 
cardiomyopathy). 


REDUCTION. The RV chamber size may be decreased 
with severe volume depletion or cardiac tamponade. 


HYPERTROPHY. In dogs, RV hypertrophy usually re- 
sults from right-sided heart pressure overloads (e.g., 
pulmonic stenosis, tetralogy of Fallot, cor pulmonale, 
heartworm disease, pulmonary thromboembolism, and 
idiopathic pulmonary hypertension). In cats, hypertro- 
phic and restrictive cardiomyopathies can cause right- 
sided heart pressures to increase secondarily, with sub- 
sequent mild-to-moderate hypertrophy. 


INTERVENTRICULAR SEPTUM 


The septum is assessed for continuity (e.g., ventricu- 
lar septal defects), abnormal relationships between the 


septum and other cardiac structures (e.g., overriding 
aorta in tetralogy of Fallot), and patterns of hypertro- 
phy, thinning, and motion. 


HYPERTROPHY. Most commonly, septal hypertrophy 
results from hypertrophic cardiomyopathy or disorders 
increasing left or right ventricular afterload (e.g., aor- 
tic or pulmonic stenosis, hypertension). In feline hy- 
pertrophic cardiomyopathy, the septum may be dif- 
fusely or segmentally hypertrophied. 


THINNING. A diffusely thin septum typically accompa- 
nies dilated cardiomyopathy. Regional thinning may 
occur with feline myocardial disorders, infarction, or 
aneurysms. 


SEPTAL MOTION ABNORMALITIES. These may reflect ab- 
normal filling and depolarization patterns of the left 
and right ventricles. In LV volume overload (e.g., se- 
vere mitral insufficiency), ventricular septal motion 
may be hyperkinetic; during early diastole, marked 
anterior (i.e., toward the transducer) movement may 
occur from excessive inflow of blood. Conversely, in 
right ventricular pressure or volume overload, inter- 
ventricular septal motion may be reduced, or its mo- 
tion may be paradoxic relative to the left ventricular 
free wall. Paradoxic septal motion is recognized when 
the septum moves anteriorly (toward the transducer) 
instead of posteriorly (away from the transducer) dur- 
ing systole. In pure RV volume overload (e.g., tricuspid 
insufficiency), septal flattening and paradoxic motion 
occurs during diastole; in systole, the LV resumes a 
normal circular appearance. However, with pure RV 
pressure overload or in RV pressure and volume over- 
load, the septum remains flattened during systole and 
diastole, conferring a half-moon shape to the left ven- 
tricle (Fig. 8-11). 


LEFT AND RIGHT ATRIA 


The atria are evaluated for dilation, intracavitary 
masses (e.g., thrombi or neoplasia), or abnormal septa- 
tion. In the four-chamber view, the normal left and 
right atria are approximately the same size. 


LEFT ATRIAL ENLARGEMENT. The long-established M- 
mode comparison of the aortic diameter at end-dias- 
tole to the LA at its maximal systolic excursion has 
value if the exact location of the left atrial transection 
is known. Blinded examination may actually provide a 
scan of the left auricle or pulmonary artery rather 
than the body of the LA. The best appreciation of left 
atrial size is attained from right parasternal short-axis 
views by 2-D echocardiography. Measuring LA circum- 
ference in one or more planes may provide a means 
of accurately comparing size between examinations. 
The LA enlarges in dogs most commonly with chronic, 
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FIGURE 8-11 


Two-dimensional echoes from two dogs obtained in the right 
parasternal transducer location. These short-axis views are at the 
level of the chordae tendineae recorded in diastole. Frame 1: 
Healthy, 35-kg Chesapeake Bay retriever demonstrating normal 
circular left ventricular geometry. The two perpendicular left 
ventricular minor axis dimensions (d; and d) were equal in both 
systole and diastole. Frame 2: 6-year-old, 32-kg German shepherd 
with heartworm disease and associated pressure and volume 
overload. The two dimensions are unequal during systole and 
diastole. Note the flattened interventricular septum (S). Ru, right 
ventricle; P, pericardium. 


acquired mitral regurgitation and dilated cardiomyop- 
athy, and less frequently, congenital left-to-right shunts 
(e.g., PDA), mitral stenosis, and cor triatriatum. In 
cats, LA enlargement occurs most commonly from 
myocardial diseases, mitral valve malformation, and 
hyperthyroidism. 


RIGHT ATRIAL ENLARGEMENT. The RA enlarges in dogs 
most commonly with tricuspid regurgitation, dilated 
cardiomyopathy, or heartworm disease. Less common 
causes include tricuspid stenosis, congenital right-to- 
left shunts, cor pulmonale, and pulmonary hyperten- 
sion. In cats, enlargement most commonly results from 
myocardial disease. Less frequent causes are tricuspid 
regurgitation (tricuspid dysplasia), heartworm disease, 
or hyperthyroidism. 
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ATRIAL SEPTUM 


The atrial septum may bulge into either atrium in 
cases of severe pressure or volume overload. An intact 
atrial septum can be verified using two-dimensional 
and Doppler echocardiographic imaging, as well as 
contrast echocardiography. 


PULMONARY ARTERY AND AORTA 


Identification of the pulmonary artery is usually pos- 
sible only with 2-D imaging. Normally, the pulmonary 
trunk is slightly smaller than the aortic root. It is 
dilated with congenital left-to-right shunts, pulmonic 
stenosis, heartworm disease, or cor pulmonale. 

The aorta may be reduced in size when forward 
cardiac output is decreased. The ascending aorta may 
be enlarged with subaortic stenosis (associated with 
poststenotic dilatation), with tetralogy of Fallot, and in 
some old, or hypertensive cats. Aortic dilation occurs 
at and just distal to the juncture of a patent ductus 
arteriosus. 


CARDIAC VALVES 


The four cardiac valves are directly evaluated for 
motion, excursion, and structure. Changes in cardiac 
chambers may result from valvular problems such as 
cardiac chamber enlargement with severe valvular in- 
sufficiency or ventricular hypertrophy with valvular ste- 
nosis. Doppler echocardiographic transvalvular flow 
profiles are altered according to the specific valve le- 
sions. 


ATRIOVENTRICULAR VALVES. The normal sequence of 
mitral valve opening and closing is shown in Figure 
8-1. A variety of lesions may affect AV valves (Fig. 8-12; 
see also Fig. 8-21). These leaflets should appear as 
smooth, echodense, fine lines. Irregularities, masses, 
or thickening may indicate myxomatous valve degener- 
ation (endocardiosis) or vegetative endocarditis. In 
aortic valvular insufficiency, the regurgitant jet may 
strike the anterior mitral valve leaflets, causing them 
to exhibit fine diastolic fluttering. In AV valvular 
prolapse, ruptured chordae tendineae, or severe endo- 
cardiosis, the AV valves may be seen within the corre- 
sponding atria during systole. Rupture of chordae ten- 
dineae can cause a flail leaflet. In mitral valve stenosis, 
valve leaflets will be thickened and display decreased 
E to F slope. The posterior leaflet will have abnormal 
anterior motion during early diastole. In systolic ante- 
rior motion of the anterior mitral valve, this leaflet 
makes a sharp-angled bend against the basilar ventricu- 
lar septum during systole. 


SEMILUNAR VALVES. The aortic and pulmonic valves 
are best imaged with 2-D echocardiography. Three 


leaflets of the aortic valve may be identified on a 2-D 
short-axis view, although only two leaflets of the pul- 
monic valve are evident from this imaging plane. Aor- 
tic valve opening and closing may be altered in many 
conditions, and this is well demonstrated by M-mode 
echocardiography (Fig. 8-13). The aortic valve may 
exhibit fine systolic fluttering on an M-mode scan from 
high blood flow in both normal and pathologic condi- 
tions. Normally the leaflets should exhibit a wide sys- 
tolic opening excursion, appearing parallel to the ves- 
sel wall in 2-D echo or as a “box suspended on a 
string” on M-mode. Premature aortic valve closure 
indicates ventricular outflow obstruction and is most 
common with the obstructive form of feline hypertro- 
phic cardiomyopathy and with some cases of congeni- 
tal subaortic stenosis. Early aortic valve closure may 
also occur with low-flow states and poor cardiac output. 
Thickened aortic valve leaflets may occur with endocar- 
diosis and may be accompanied by Doppler evidence 
of regurgitation. Vegetative endocarditis may restrict 
aortic valve opening and cause masslike lesions on 
valve leaflets; these may prolapse into the left ventricle 
during diastole. If leaflet doming occurs, valvular ste- 
nosis may be present. 


PERICARDIUM 


The pericardium is normally evident as the brightest 
line adherent to the pericardial surface. With pericar- 
dial effusion, an echolucent, or “‘echo-free,” space is 
created between the epicardium and pericardium (see 
later). Occasionally, fibrin or neoplasia will cause the 
effusion to be echogenic. The presence of pleural 
effusion will clearly highlight the pericardium, which 
is contrasted between two bodies of effusion. 


EVALUATION OF CARDIAC 
FUNCTION 


There is no universally satisfactory method to evalu- 
ate cardiac function. Each parameter and technique 
has certain strengths and weaknesses. They should be 
interpreted in the context of their inherent limitations 
and in conjunction with clinical information from the 
physical examination and complete data base.':™ 


CARDIAC SIZE 


The size of ventricular chambers reflects the degree 
of volume overload or, frequently, the severity of some 
forms of cardiomyopathy. Cardiac chamber dimen- 
sions can be readily determined by M-mode and 2-D 


>= 


-a 


sai 


= 


ECHOCARDIOGRAPHY AND DOPPLER IMAGING 149 


FIGURE 8-12 
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Common abnormalities of the mitral valve. (A) and (B) Cat with hypertrophic cardiomyopathy and 
systolic anterior motion of the mitral valve. (A) is a 2-D parasternal long-axis view optimizing the left 
ventricular (LV) outflow tract and the left atrium (LA), and (B) is an M-mode echo at the mitral 
valve level: during systole, the anterior mitral valve leaflet makes a sharp-angled bend (arrow) across 
the LV outflow tract, shown in (A), to coapt against the basilar ventricular septum during systole 
(B). (C) 2-D right parasternal four-chamber view of a dog with chronic acquired valve disease. The 
mitral valve leaflets (black arrows) are thickened and protrude into the left atrium during systole; 
associated chordae tendineae (open arrow) are also thickened. (D) M-mode tracing at the mitral valve 
level of a dog with moderate aortic insufficiency; this regurgitant jet strikes the anterior mitral valve 
leaflet during diastole when the mitral valves are open, causing the leaflet to exhibit fine diastolic 
flutter (arrow). (E) M-mode trace at the mitral valve level of a dog with mitral valve stenosis. Note the 
thickened leaflets; decreased E to F slope [compare with (B) and (C) above]; and abnormal early 
diastolic cranial motion (arrow) exhibited by the posterior mitral leaflet, which probably indicates 
fusion of the valve commissures (normally, the posterior leaflet moves away, or downward from the 
anterior leaflet). RV, right ventricle; Ao, aortic root; /VS, interventricular septum; LVPW, left 
ventricular posterior (free) wall. (Courtesy of Dr. J. P. Petrie, The Animal Medical Center.) 


echocardiography and can be used to estimate ventric- 
ular volumes. 


E-POINT SEPTAL SEPARATION (EPSS). A rough assessment 
of LV size is to measure the distance from the E point 
of the anterior mitral valve leaflet to the interventricu- 
lar septum. Normally, there is none or very minimal 
separation (see Tables 8-1, 8-2). As LV ejection frac- 
tion decreases, EPSS increases. Limitations include the 


assumption of normal mitral valve motion and the 
necessity for correct (perpendicular) ultrasound beam 
alignment through the ventricular septum, mitral 
valve, and free wall. 


LEFT VENTRICULAR VOLUMES 


In a study of a small group of dogs with chronic 
acquired valve disease, LV end-systolic volume index 
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FIGURE 8-13 


LP. Petrie / P. Fox 


increased linearly with LV end-diastolic volume index. 
An index is derived by dividing the calculated volume 
by patient body surface area. The Teichholz method, 


Volume = [7.0/2.4 + D] x D? 


where D equals the left ventricular internal dimension, 
calculated the largest LV end-systolic volume (com- 
pared with using D*, or 1.2 X D? for calculations). 
The end-systolic volume index (normal, less than 30 
ml/m?*) more accurately separated out dogs with mitral 
insufficiency and myocardial failure than did shorten- 
ing fraction; end-diastolic volume index was more than 
100 ml/m? (normal, less than 100 ml/m?), indicating 
volume overloading.® °° 

Many models and formulas have been described for 
calculating LV volume.” Certain geometric assump- 
tions inherent in the various formulas and technical 


M-mode echo traces illustrating abnormalities of the aortic valve. (A) Normal pattern of 
valve excursion. The aortic valves typically open abruptly, remain open during LV systolic 
ejection, then close abruptly, simulating a “‘box suspended on a string.” The timing of this 
sequence is correlated with a simultaneously recorded electrocardiogram above, which 
facilitates assessing systolic time intervals (consult Fig. 3-14). These include the LV pre- 
ejection period (LVPEP), representing the interval from the Q wave to the aortic valve 
opening, and the LV ejection time (LVET). (B) Premature opening of the aortic valve 
(before onset of electrical depolarization) associated with severely elevated LV end-diastolic 
pressure secondary to severe aortic regurgitation. (C) Premature leaflet closure in a dog 
with severe mitral regurgitation and myocardial failure. Leaflets separate normally with onset 
of LV ejection but gradually close during systole. (D) Greatly attenuated valve dynamics due 
to severe myocardial failure from dilated cardiomyopathy. The LVPEP is prolonged and 
LVET is shortened. Aortic valve opening is delayed, the duration of ejection and maximal 
valve excursion are diminished, and the valves close prematurely. (E) Midsystolic closure of 
the aortic valve. During midsystole, the aortic valves close secondary to the subvalvular 
obstruction associated with systolic anterior motion of the mitral valve (see Fig. 8-12 A,B). 
(F) Vegetative endocarditis involving the aortic valves. Increased echoes are apparent on the 
valve leaflets, without restriction of valve motion. Vegetations may be best imaged in diastole 
or systole, depending on the direction of the ultrasound beam. 


considerations introduce error in echocardiographic 
calculation of chamber volumes. A more accurate 
method employs Simpson’s rule (also known as the 
“disc summation method”), which calculates the sum 
of volumes of a series of smaller, similar figures. 


LEFT VENTRICULAR MASS 


An important adaptation to LV pressure or volume 
overload is muscular hypertrophy. This is grossly char- 
acterized by increased LV muscle mass or weight, and 
it is determined by increased wall thickness and/or 
chamber volume. A number of echocardiographic 
methods have been reported to calculate LV mass 
(LVM) but are based on the assumption that myocar- 
dial volume equals the total volume contained within 


epicardial borders of the ventricle, minus the LV cham- 


ber volume”: 
LVM = [Vr(ep) — V.(en)] x 1.05 


where V; is the total LV volume, or the volume con- 
tained within the epicardial interface, and V, is the 
chamber volume, or volume contained within the en- 
docardial interface. The ventricular septum is assumed 
to be part of the LV. Volume components of LV mass 
formulas can be calculated by formulas for deriving 
LV volumes (see previous section). Accuracy is influ- 
enced by formulas and measurement acuity. When 
there is widely varying LV wall thickness, it is difficult 
to establish representative dimensions. 


EJECTION PHASE INDICES OF LEFT 
VENTRICULAR PERFORMANCE 


These indices represent the most commonly used 
clinical measurements of LV systolic function and are 
largely derived from linear dimensions described ear- 
lier (Tables 8-1 to 8-3). Although generally considered 
to reflect myocardial contractility, each is influenced 
by ventricular loading conditions. Thus, if preload (LV 
end-diastolic volume) or afterload (LV end-systolic vol- 
ume) is reduced, or if aortic pressure (afterload) is 
increased, ejection phase indices decline (and vice 
versa). 


STROKE VOLUME (Sv). The SV is computed as: 


SV = LV end-diastolic volume (EDV) 
— LV end-systolic volume (ESV) 


Both volumes are calculated using one of the many 
methods for chamber volume calculation (see earlier). 
Stroke volume normally decreases during inspiration. 
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EJECTION FRACTION (EF). The EF, a global index of LV 
fiber shortening, is a highly regarded measure of LV 
systolic function in humans, in whom it has been thor- 
oughly validated. It is the ratio of the LV stroke volume 
to the LV end-diastolic volume (EDV): 


EDV — ESV 


EF = EDV. 


x 100 


In one study of dogs with chronic mitral regurgitation, 
echo-derived EF was useful to separate dogs with nor- 
mal or mild from severe myocardial failure.®” 


PERCENT FRACTIONAL SHORTENING (%FS, OR %AD). De- 
rived from M-mode recordings of the LV minor axis, 
the %FS can be calculated as: 


LVDd — LVDs 
%FS = ~iva x 100 
where the LVDd is the LV chamber diameter at end- 
diastole, and LVDs is the LV chamber diameter mea- 
sured at end-systole. This index is based upon angio- 
graphic observations that the systolic decrease in LV 
ventricular volume results primarily from minor axis 
shortening, and it represents a simple method for 
estimating ventricular function in the symmetrically 
contracting ventricle. 

The %FS has certain limitations. Major changes in 
ventricular morphology often occur near the LV apex 
and remain unaccounted for by %FS. In addition, 
%¥S is dependent on inherent cardiac contractility, 
preload, and afterload. With canine chronic acquired 
valve disease (mitral insufficiency), the LV experiences 
decreased afterload as the incompetent mitral valve 
permits the LV to eject blood retrogradely into the 
low-pressure left atrium, rather than into the high- 
pressure aorta. Thus, even though a higher %FS results 
than if the heart did not have mitral insufficiency, 
this does not mean that the inherent contractility is 


TABLE 8-3 
Normal Left Ventricular Systolic Time Intervals* 
Canine Feline 

Atkins & Pipers Atkins & Jacobs & Pipers 

Snyder” et al” Snyder” Knight Fox et al! et al” 
Parameter (n = 20) (n = 25) (n = 6) (n = 30) (n = 27) (n = 10) 
PEP (ms) 5447 69 + 8 46+5 — 44+9 — 
LVET (ms) 159 + 15 256 + 13 116+ 19 140 + 20 116 + 11 150 + 20 
LVETI (ms)f 227 + 15 301 + 10 206 + 9 — 214 217 
PEP/LVET 0.34 + 0.05 0.24 + 0.09 0.40 + 0.05 — 0.38 + 0.08 — 
QAVC (ms) 214 + 18 324 + 7 162 + 24 — — — 
VcF (circ/sec) 2.48 + 0.50 — 4.0 + 0.9 3.7 + 0.6 3.5 + 0.8 2.9 + 0.8 
Heart rate (bpm) 124 + 23 8l +7 226 + 25 194 + 23 245 + 36 167 +7 


*Mean + SD. 

tCalculated for dogs: LVET + 0.55 (heart rate)”: for cats, LVET + 0.40 (heart rate) .® 

PEP, pre-ejection period; LVET, left ventricular ejection time; LVETI, LV ejection time index; QAVC, duration from ECG Q-wave to aortic valve closure; VcF, 
velocity of circumferential fiber shortening; circ, circumference; bpm, beats per minute. 
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increased or even normal. Shortening fractions less 
than 50 percent and EDV indices greater than 200 ml/ 
m? may indicate myocardial failure when severe mitral 
insufficiency is present.®” 


CIRCUMFERENTIAL FRACTIONAL SHORTENING (Vat). This 
index, expressed in circumferences per second, is cal- 
culated as: 


v, = LVDd ~ LvDs 

‘ LVDd X LVET 

where LVET is the LV ejection time calculated from 
systolic time intervals (see later). When derived from 
M-mode echo measurements, V,; actually represents 
the velocity of shortening of the minor axis and not 
the whole circumference. 


LEFT VENTRICULAR WALL STRESS 


The aforementioned noninvasive measures of LV 
systolic function do not differentiate between abnor- 
malities of myocardial contractility and changes in pre- 
load or afterload (loading conditions). A method to 
overcome these limitations utilizes measurement of LV 
wall stress (measured as dynes/cm?”), which incorpo- 
rates end-systolic stress length and end-systolic pres- 
sure-volume relations. A simplified index of end-sys- 
tolic meridional wall stress is calculated as follows: 


(22) 
PR _ 2 


Ww W 


where P is LV pressure (can be estimated by arterial 
blood pressure determination), R is minor LV radius, 
W is LV wall thickness, and LVID is LV diameter.” 
These and other formulas have not been clinically 
validated in veterinary heart failure patients. 


SYSTOLIC TIME INTERVALS 


Systolic time intervals (STI) assess global LV systolic 
performance. Although they are affected by heart rate, 
preload, and afterload, they are readily measured by 
simultaneous recording of the ECG and M-mode echo- 
cardiogram of the aortic valve (Fig. 8-13). The pre- 
ejection period (PEP) represents the time between initial 
inflection of the QRS (Q wave) and the onset of LV 
ejection, which is marked by opening of the aortic 
valves. The LV ejection time (LVET) is measured from the 
aortic valve opening to its closure. Total electromechanical 
systole (QAVC interval) represents the interval from 
initiation of the QRS complex to aortic valve closure 
(e.g., sum of the PEP and LVET). Alternatively, LVET 


can be measured as representing the time of the first 
anterior motion of the LV free wall to the point of its 
peak excursion®!; LVET can also be measured as the 
duration of the Doppler echo signal at the aortic valve. 
The PEP/LVET index is superior to either index alone 
as it compensates somewhat for effects of loading con- 
ditions and heart rate. Normal values for STIs are 
listed in Table 8-3.5! 59-81. 71 


HEMODYNAMIC INFORMATION 


Echocardiography can provide quantitative data 
about blood flow and intracardiac pressures.” The 
mean blood flow velocity through a vessel or valve 
orifice is acquired by measuring the velocity-time inte- 
gral of the Doppler signal (i.e., the area under the 
Doppler recording trace). The corresponding cross- 
sectional diameter is measured by 2-D or M-mode 
echocardiography and the area is calculated. For exam- 
ple, blood flow in the ascending aorta and cross-sec- 
tional area may be used in this fashion to calculate 
cardiac output (CO): 


CO = AX V X HR 


where A = area of vessel or orifice, V = integrated 
flow velocity, and HR = heart rate. A number of 
technical limitations affect accuracy, particularly in ob- 
taining an accurate orifice area. However, Doppler 
techniques for measuring cardiac output or stroke 
volume have the potential for following directional 
changes in a given patient. 


DIASTOLIC FUNCTION 


Diastolic function encompasses several distinct and 
fundamentally different hemodynamic phases. Al- 
though many parameters have been proposed to mea- 
sure its various aspects, no single index is universally 
applicable or even ideal.” 

A number of diastolic indices have been derived 
from M-mode echo tracings. They include measure- 
ments that assess time periods (diastolic time intervals), 
and those that measure rates of change of different 
dimensions. Some of the more commonly used assess- 
ments include the isovolemic relaxation period, relax- 
ation time index, peak or rate of change in LV dimen- 
sion, duration of rapid filling phase (i.e., the time 
from minimum LV dimension to the moment when 
the rate of increase in dimension has decreased to 
20% or 50% of its maximum value), time to peak 
filling rate, and peak rate of ventricular wall thinning 
in diastole.’ * In the normal dog or cat, LV relaxation 
causes a rapid and smooth descent from the nadir 
during systole to the point of greatest chamber dimen- 


sion in diastole. However, with diastolic dysfunction, 
normal wall descent may be interrupted by a bump or 
ridge evident on the LV posterior wall. 

M-mode atrioventricular valve tracings parallel events 
recorded by spectral Doppler echocardiography. For ex- 
ample, maximum M-mode AV valve excursion reflects 
similar dynamics as recorded by diastolic transmitral 
blood flow velocity during Doppler echo examination. 
Similarly, the appearance of abnormal mitral valve clo- 
sure (i.e., decreased E to F slope), as seen with mitral 
valve stenosis, reflects the spectral Doppler profile re- 
corded during prolonged ventricular filling. 

Doppler transmitral flow profiles are affected by ven- 
tricular compliance and relaxation. Accordingly, time- 
velocity Doppler signals generated during early dia- 
stolic flow (E wave) and flow following atrial systole (A 
wave) may be altered with LV diastolic dysfunction 
(Fig. 28-2).”* Normally, the peak E-wave velocity ex- 
ceeds the peak A-wave velocity (E/A ratio >1). In 
certain diseases, early peak diastolic flow is reduced 
and peak flow following atrial contraction is greatly 
increased, decreasing the E/A ratio less than 1, and 
representing the “delayed relaxation” pattern. Other 
alterations have been described, including increased 
peak E-wave velocity and decreased (often minuscule) 
peak A-wave velocity, representing the so-called “restric- 
tive” pattern. A variety of other measurements evaluat- 
ing different portions have been reported, including 
peak acceleration and deceleration velocities and ve- 
locity-time integrals. It is important to note that these 
velocity alterations are not disease specific but are 
present in disorders that share similar diastolic proper- 
ties. Moreover, many technical factors may affect trans- 
valvular dynamics, including age, phase of respiration, 
heart rate, and precise Doppler sampling site. 


ABDOMINAL IMAGING 


Ultrasonic examination need not stop at the dia- 
phragm. Normal sonographic anatomy of the liver is 


FIGURE 8-14 


Two-dimensional abdominal 
sonograms from dogs with right- 
sided congestive heart failure. 
Frame 1 shows ascites and 
hepatomegaly with rounded liver 
edges. Frame 2 illustrates passive 
hepatic congestion. Hepatic veins 
(HV) are markedly enlarged 
compared with the portal veins 
(PV), which characteristically have 
more echogenic walls. GB, 
gallbladder. 
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easily identified” as are changes associated with heart 
failure (Fig. 8-14). The presence of a dilated caudal 
vena cava, dilated hepatic vessels, enlarged and 
rounded liver, or ascites may help provide evidence for 
right-sided congestive heart failure. 


INTERPRETATION OF THE 
DOPPLER ECHOCARDIOGRAM 


Doppler echocardiography evaluates blood flow dy- 
namics by directing the ultrasound beam parallel to 
blood flow (Fig. 8-15); ultrasound waves reflect off 
moving RBCs and are processed into a spectral trace 
(in contrast, 2-D echocardiography illustrates cardiac 
structures by directing the echo beam perpendicular 
to tissues). Doppler echo examinations use similar 
“windows” (transducer positions) as in 2-D imaging, 
but specific views are selected, such as the left apical 
window (Fig. 8-15), to provide the most parallel beam 
alignment to blood flow. 


INDICATIONS FOR DOPPLER ECHOCARDIOGRAPHY. The 
greatest application of Doppler echocardiography is in 
diagnosis and evaluation of congenital heart disease. 
The answer to the question, “When is a routine Dop- 
pler examination warranted with acquired heart dis- 
ease,” is not always clear. Ideally, Doppler echocardiog- 
raphy studies should provide new information—that 
is, detect an unsuspected lesion, exclude a lesion be- 
lieved to be present, or detect a transvalvular gradient.' 

A complete Doppler echo examination should in- 
clude assessing all cardiac valves from right and left 
parasternal positions. It is often performed in con- 


junction with and following a 2-D echocardiographic 


study. The tendency to focus only on areas suspected 
for high diagnostic yield may actually result in lesions 
being overlooked. 

Examples of Doppler echocardiograms in acquired 
and congenital heart disease are illustrated in Figures 
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8-4, 8-5, 8-15, 8-16, 8-18; see also Figures 24-1, 24-9, 
24-16, 24-96B, 24-39A, 24-38, 24-56D, 28-2, 28-4, 
and 28-5. Normal blood flow velocities across the car- 
diac valves are listed in Table 8-3. The physics and 
practical use of quantitative Doppler echo” ” and 
color-flow Doppler™ have been published. Normal 


values for Doppler echocardiography parameters are 
listed in Table 8-4,74 7°! 


QUANTIFICATION OF VALVULAR 
REGURGITATION 


Many methods have been proposed for estimating 
the severity of valvular regurgitation, but true quanti- 
fication remains elusive.® Although color-flow Doppler 
mapping provides a spatiotemporal display of the re- 
gurgitant jet, there are significant limitations related 
to cardiac geometry and Doppler technology. Quanti- 
tative color-flow analyses have utilized two approaches 
to evaluate regurgitant jets. One considers the momen- 
tum flux of the distal jet, which relates factors includ- 
ing jet length, area, and valve orifice area to severity. 
Clinically, semiquantification of severity is approxi- 
mated by the size, length, and configuration of the 
regurgitant jet.' Severity is generally graded mild, mod- 
erate, or severe. The other approach applies principles 
of flow convergence, which analyze velocities upstream 
from the regurgitant orifice.” If only pulsed-wave 
Doppler echocardiography is available, semiquantifi- 
cation is obtained by first placing the sample volume 
in the center of valve orifice, then gradually moving it 
outward in an expanded radial sweep to define the 
limits of regurgitation. 


ECHOCARDIOGRAPHIC 
DIAGNOSIS OF CONGENITAL 
HEART DISEASE 


Many congenital heart defects may be specifically 
diagnosed or strongly suspected on the basis of two- 
dimensional echocardiographic examination. Doppler 
echocardiography provides important data for such 
diagnosis and characterization. 


PATENT DUCTUS ARTERIOSUS 


The PDA communicates between the descending 
aorta and the main pulmonary artery (see Figs. 1-4, 
1-5). It may be identified in the short-axis view (Fig. 
8-16). The aortic arch may be imaged from a subcostal 
(see Fig. 24-44) or cranial left parasternal position. 


LEFT-TO-RIGHT-SHUNTING PDA. Nonspecific 2-D echo- 
cardiographic changes may include (1) those associ- 
ated with a chronic, severe left heart volume overload, 
including LA and LV dilation and increased mitral 
valve E-point septal separation; right heart dilation 
may develop secondarily; (2) mildly reduced fractional 
shortening or a value in the low-normal range; (3) 
exaggerated interventricular septal motion; and (4) 
enlargement of the aorta and main pulmonary artery. 
Color-flow Doppler mapping is very helpful in demon- 
strating this anomalous vascular shunt. During diastolic 
runoff from the descending aorta into the main pul- 
monary artery, it codes blood flow in the ductus as 
red (i.e., flowing toward the transducer).™ Pulsed-wave 


TABLE 8-4 
Normal Spectral Doppler Echocardiography Velocities (cm/sec) * 
Feline Canine Canine Canine Canine 
Feline Santilli & Brown Canine Yuill & Kirkberger Kirkberger 
Fox et alf § Bussadorif§ et al”§ Gaber” O’Grady™|| et al” § et al*"|| 
Mitral Valve 
E wave — 66 + 11 — 75.0 + 11.8 86.2 + 9.5 91 + 15 94 + 16 
A wave 52 +8 — 53.8 + 8.7 — 63 + 13 64 + 15 
EA wave 87 +9 — — = 2z =n — 
Tricuspid Valve 
E waye — — — 56.2 + 16.1 68.9 + 8.4 86 + 20 85 + 20 
A wave — — — — — 58 + 16 58 + 17 
EA wave 88 + 14 — — — — = — 
Pulmonary Valve 102 + 15 — 84.0 + 17 99.8 + 15.3 R 98.1 + 9.4 120 + 20 125 + 26 
L 95.5 + 10.3 
Aortic Valve 102 + 19 — 106 + 21 118.9 + 17.8 118.1 + 10.8 157 + 33 149 + 27 


*Mean (cm/sec) + SD. 

tFox PR, et al. Unpublished data, 1996. 

tSanuilli RA, Bussadori C. Unpubished data, 1996. 

§Velocities measured by pulsed-wave Doppler echocardiography. 
[Velocities measured by continuous-wave Doppler echocardiography. 


R, values derived from right parasternal short-axis view; L, values derived from left parasternal long-axis view. 


FIGURE 8-15 


(A) Cranial parasternal short-axis 
view at the level of the aorta, with 
pulsed-wave sample sites on either 
side of the tricuspid (1, 2) and 
pulmonic (3, 4) valves. The grid 
illustrates spectral Doppler 
recording: 1, normal tricuspid 
diastolic flow; 4, normal pulmonic 
systolic flow. Site 2 would detect 
tricuspid regurgitation, and site 3, 
pulmonic regurgitation. (B) Left 
apical two-chamber view with 
pulsed-wave Doppler sample sites 
on either side of the mitral (1, 2) 
and aortic (3, 4) valves. The grid 
illustrates spectral Doppler echo 
recordings: J, normal mitral 
diastolic flow; 4, normal aortic 
systolic flow. Site 3 would detect 
aortic regurgitation, and site 2, 
mitral regurgitation. (From Kisslo 
J, Adams D, Mark DB. Basic 
Doppler echocardiography. Clin 
Diagn Ultrasound 17:78-87, 1986, 
with permission.) 


Doppler echocardiography can verify (1) turbulent 
flow through the main pulmonary artery, (2) abnor- 
mal retrograde (Fig. 8-168) and continuous (Fig. 8- 
16D) flow in the main pulmonary artery, and (3) mild 
increases in transmitral (usually <1.75 m/sec) and 
aortic (usually <2.5 m/sec) flows. After successful duc- 
tal ligation or occlusion, normal laminar flow within 
the pulmonary artery is re-established. 


RIGHT-TO-LEFT—SHUNTING (“REVERSED”) PDA. A dilated 
pulmonary artery and ductal communication may be 
imaged with associated changes of increased pulmo- 
nary vascular resistance, including right ventricular hy- 
pertrophy and paradoxic interventricular septal mo- 
tion. Contrast echocardiography causes opacification 
of the descending aorta but not the left ventricle. The 
former is best visualized as it courses over the bladder. 
Doppler studies can identify turbulence at the junction 
of the ductus and descending aorta where the flow 
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:1m/sec: 


disturbance is localized. Complete right-to-left shunting 
through the PDA is rare, however. Even with suprasys- 
temic pulmonary artery pressures, some diastolic flow 
is usually detected. Other nonspecific findings include 
evidence of pulmonary hypertension, including high- 
velocity tricuspid and pulmonic regurgitation; pulmonic 
blood flow with a decreased time to peak velocity; 
abrupt decrease in flow velocity in midsystole; loss of a 
normal negative presystolic velocity component of pul- 
monic flow corresponding to atrial systole; and indica- 
tors of decreased right ventricular compliance (early 
ventricular diastolic filling velocity that is less than that 
produced with atrial systole) .*° 

Several conditions may have spectral Doppler blood 
flow patterns that can be confused with PDA. These 
include anomalous origin of a coronary artery, aortic 
pulmonary window, and pulmonic insufficiency. Color- 
flow Doppler mapping greatly facilitates their differen- 
tiation.**7 
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FIGURE 8-16 


Two-dimensional (A, C, E) and pulsed-wave Doppler (B, D, F) echoes recorded from the left cranial 
position in a dog with left-to-right-shunting patent ductus arteriosus. (A) 2-D short-axis view 
illustrating the main pulmonary artery (MPA), right pulmonary artery (RPA), left pulmonary artery 
(LPA), descending aorta (DA), and ascending aorta (AA). (B) Pulsed-wave Doppler trace (sample 
volume placement indicated by the star) showing retrograde diastolic flow in the MPA. A broad 
spectral Doppler echo profile appears above the baseline, indicating flow toward the transducer. The 
spectral display below the baseline shows part of the systolic antegrade flow through the pulmonary 
artery. (C) 2-D echo short-axis view obtained by rotating the transducer slightly counterclockwise. 
The communication of the patent ductus arteriosus is evident between the MPA and DA. (D) Pulsed 
wave Doppler trace recorded with the sample volume positioned approximately at the PDA. 
Continuous turbulent flow is displayed as an aliased signal and proves patency of the ductus 
arteriosus. The audio component of the Doppler signal correlates with the sound of the auscultated 
murmur. (E) Postoperative 2-D short-axis echo image showing the ligated ductus (arrowhead). (F) 
Pulsed-wave Doppler trace with the sample volume positioned in the main pulmonary artery. Note 


that normal, laminar, antegrade systolic flow is detected. Diastolic flow is absent. The distance 


between the vertical markers is 20 cm/sec. 


VENTRICULAR SEPTAL DEFECT 


Most ventricular septal defects (VSDs) are small, 
high, membranous lesions (Fig. 8-17; see also Figs. 
1-3D, 24-32A, 24-33 and Color Plates 5 and 6). Opti- 
mal visualization is usually obtained from the cross- 
sectional view at the level of the aorta. Alternatively, 
the right parasternal long-axis view may show the de- 
fect and is the best position for Doppler echocardio- 
graphic interrogation, since blood flowing through the 
defect is approximately parallel to the Doppler beam. 
Rarely, the defect occurs in other areas of the interven- 
tricular septum (Fig. 8-17B). When a VSD is of ade- 
quate size, the lesion may be readily visualized. How- 
ever, because of inadequate lateral resolution, 2-D 
echocardiography consistently underestimates the size 


of a VSD. In small dogs and in cats, actual visualization 
can be difficult. Doppler echocardiography, and espe- 
cially color-flow imaging,*’ enhances the sensitivity for 
the detection of even the smallest lesions. 
Determination of peak blood flow velocity through 
a VSD can be hampered by eccentric jet directions 
(see Fig. 24-32A), which makes detecting the true 
maximal jet velocity difficult. Also, the Bernoulli equa- 
tion is best suited for discrete stenosis, and the derived 
gradient may not actually reflect the ventricular pres- 
sure difference. Because of the series effect, flow dis- 
turbance (turbulence) from a VSD may pass into the 
pulmonary artery before relaminarization (subsidence 
of turbulence) has occurred. Identification of laminar 
and nonlaminar flow across the cardiac valves is im- 
portant if pulmonary blood flow (Qp) to systemic 


FIGURE 8-17 


Two-dimensional echoes of two dogs with ventricular septal defects 
recorded from the right parasternal transducer location. (A) Long- 
axis view optimized for the left ventricular outflow tract shows a 
large basal (membranous) ventricular septal defect (arrow). (B) 
Long-axis four-chamber view optimizing right and left ventricular 
inflow tracts. A midventricular (muscular) septal defect is evident. 
RA, right atrium; RV, right ventricle; LA, left atrium; LV, left 
ventricle; p, papillary muscle; Ao, aorta. 


blood flow (Qs) ratios (Qp:Qs) are to be calculated. 
This can be estimated with a VSD if the volume (flow 
velocity integral and cross-sectional area of orifice) for 
pulmonary flow is measured in the pulmonary artery 
or mitral valve, and the systemic flow is measured in 
the aorta.”* 75 


RESTRICTIVE VSDS. Most VSDs are small, “restrictive” 
lesions permitting minimal left-to-right shunting. 
Doppler examination can indicate shunt direction (see 
Figs. 24-32A, 24-38 and Color Plates 5 and 6) and 
quantify the peak flow velocity across the defect (see 
Fig. 24-38 and Color Plate 5), allowing an estimation 
of the instantaneous pressure difference across the 
defect by the modified Bernoulli equation." ® High- 
pressure gradients (e.g., >60 mmHg) indicate a large 
difference between left and right ventricular pressures. 
This suggests a small VSD shunting a low blood volume 
at high velocity across the defect. In these restrictive 
VSDs there are often no cardiac chamber abnormali- 
ties since the shunt fraction is low. Sometimes, pro- 
lapse of an aortic (see Fig. 24-33) or tricuspid valve 


leaflet into the defect may occur, occasionally closing 
the defect. 


NONRESTRICTIVE VSDS. In left-to-right shunting, nonre- 
strictive VSDs, increased venous return to the left 
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atrium and ventricle causes enlargement of those 
chambers. Very occasionally, pulmonary edema can 
result from marked shunting (e.g., >2.5:1 pulmonary- 
to-systemic flow). If high pulmonary vascular resistance 
and pulmonary hypertension develop, right ventricular 
systolic and diastolic pressures increase to systemic lev- 
els and reversed (right-to-left) shunting may occur 
(Eisenmenger’s physiology). Thus, very large nonrestrictive 
VSDs (e.g., tetralogy of Fallot) have only mildly ele- 
vated trans-septal pressure gradients, equilibration of 
blood pressure in both ventricles, and right ventricular 
hypertrophy. 


ATRIAL SEPTAL DEFECT 


An atrial septal defect (ASD) can be detected by 
views that include both atria in the imaging plane. The 
foramen ovale is covered only by a thin membrane, 
and the normal atrial septum thins as it approaches 
the foramen ovale. Thus, echo “dropout” at this point 
may be misdiagnosed as a defect. 

Atrial septal defects are classified according to their 
position in the septum and their embryogenesis (see 
Fig. 1-3B,C). An ostium primum defect is positioned in 
the lower portion of the septum, contiguous with the 
atrioventricular valves and membranous interventricu- 
lar septum (see Fig. 24-26B and Color Plate 8). It 
results from incomplete fusion of the septum primum 
and endocardial cushions (see Fig. 1-3C,D). It is con- 
sidered a partial form of the common AV canal, which 
includes cleft and variably fused mitral valve leaflets. 
When a high interventricular septal defect coexists, a 
complete common AV canal is said to be present. A 
sinus venosus defect is rare and is located high in the 
interatrial septum, close to the opening of the cranial 
vena cava (see Fig. 8-3 and Color Plate 7). An ostium 
secundum defect is located in the region of the fossa 
ovalis (midatrial region) (see Fig. 8-2) because of in- 
complete development of the septum secundum. 

Most ASDs are left-to-right shunting and cause RA 
and RV dilation. The main pulmonary artery may also 
be dilated, but the LA is normal or slightly enlarged. 
With large shunts or with common AV canals, dilation 
of the left side of the heart develops. Doppler echo 
examination usually detects (1) transatrial septal flow 
during systole and diastole that varies with respiration 
(greatest flows occur during systole but smaller, 
broader peaks often occur during diastole); (2) in- 
creased transpulmonic valve velocity, and often (3) 
mitral insufficiency. Echocontrast may traverse the de- 
fect with right-to-left or bidirectional shunting (see 
Figs. 8-2, 8-3; see also Fig. 24—26). 

When mapping blood flow in the atria, tricuspid 
regurgitation may be confused with blood flowing 
across an ASD in some cases. One distinguishing aid is 
that blood flow velocity across an ASD is usually low 
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(e.g., in children, a mean velocity of 41 cm/sec),* a 
contrast to the higher velocity usually found with tri- 
cuspid insufficiency.** ® Also, flow disturbance with 
tricuspid regurgitation is purely systolic, beginning 
after the QRS complex. 

The Qp:Qs (shunt) ratio can be determined with an 
ASD. This is accomplished by using the flow velocity 
integral and cross-sectional area of the pulmonary ar- 
tery for Qp, and the mitral or aortic valve for Qs.***°®° 


ATRIOVENTRICULAR VALVE DYSPLASIA 


In multiple echocardiographic views, some or all of 
the following 2-D echo changes may occur with dyspla- 
sia of mitral or tricuspid valves: 


1. Adherence of the tricuspid septal leaflet to the in- 
terventricular septum, 

2. Focal or diffuse AV valvular leaflet thickening or 
fusion, sometimes resulting in stenosis, 

3. Direct insertion of valve leaflets onto papillary mus- 
cle, 

4. Atrophy or hypertrophy of papillary muscles, 

5. Fusion or shortening of chordae tendineae of papil- 

lary muscles, 

Redundant and elongated valve leaflets, 

Upward displacement of papillary muscles, 

8. Apical displacement of the tricuspid valve leaflet 
hinge points (Ebstein’s malformation), and 

9. Atrial and ventricular dilation. 
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FIGURE 8-18 


The four-chamber apical view may provide the best 
visualization. Doppler echo reveals the presence and 
direction of regurgitant jets and, often, increased 
transvalvular filling velocities from the volume over- 
load. 

The differentiation between Ebstein’s malformation 
and tricuspid valve dysplasia rests in determining the 
degree of apical displacement of the tricuspid septal 
leaflet. Normally the basilar tricuspid valve attach- 
ments are more apical than the mitral valve attach- 
ments. Displacement without thickening of the valve 
leaflets downward into the RV is usually defined as 
Ebstein’s anomaly; however, distinct differentiation 
from tricuspid valve dysplasia may be difficult. Flat- 
tening of the interventricular septum occurs because 
of the overloaded RV. Concurrent ASD or patent fora- 
men ovale may be present with either variation. 

Color-flow and spectral Doppler echocardiography 
usually show marked AV valvular regurgitation (Fig. 
8-18; see also Fig. 24-56). The regurgitant jet velocity 
may not be high*®* unless valvular stenosis is present. 


AORTIC STENOSIS 


Subaortic stenosis (SAS) is the most common form 
of aortic stenosis (AS), although valvular and supraval- 
vular AS has been reported in the cat and dog. 


TWO-DIMENSIONAL ECHOCARDIOGRAPHY. A number of 
abnormalities can be identified from the right para- 


Continuous-wave Doppler echo recorded across the tricuspid annulus from the apical four-chamber 
view in a dog with severe tricuspid dysplasia. During right ventricular diastolic filling, flow through 
the tricuspid valve is depicted as a spectral trace above the baseline (toward the transducer). 
Diastolic filling is recorded as an early, passive filling phase (E wave), followed by a later filling 
phase (A wave) resulting from atrial contraction. Here, the A wave is more prominent than usual 
due to right heart volume overload imposed by the tricuspid regurgitation (TR). During systole, 
blood regurgitates from the right ventricle into the right atrium (away from the transducer), causing 
the Doppler trace below the baseline. In late systole, regurgitant velocity is reduced (arrows), 
reflecting late systolic increase in right atrial pressure (RV-RA pressure difference). The distance 


between the vertical markers is 1 m/sec. 


sternal long- (Fig. 8-19; see also Fig. 24-19) and short- 
axis (see Fig. 24-13) views in dogs with SAS: (1) 
concentric left ventricular hypertrophy (unless the 
condition is mild); (2) LV papillary muscle hypertro- 
phy; (3) a fibrous subaortic band that may protrude 
or appear muscular, with a wide, fibrous component; 
(4) hyperechoic areas within the LV myocardium asso- 
ciated with muscle fibrosis or calcification; (5) elevated 
transmural pressures, resulting in coronary artery 
blood flow reversal with dilation of the left coronary 
artery; (5) poststenotic aortic root dilation; (6) mitral 
valve abnormalities and thickening occasionally if the 
fibrous band incorporates portions of the anterior mi- 
tral valve leaflets; (7) variable LA enlargement; (8) 
coarse systolic fluttering of the aortic valve if substan- 
tial aortic regurgitation is present; mild aortic valve 
systolic fluttering may be normal or increased with 
high blood flow; (9) discrete premature aortic valve 
closure accompanying dynamic left ventricular outflow 
obstruction; (10) dynamic obstruction to LV outflow 
from systolic anterior motion when the anterior mitral 
valve leaflet coapts with the ventricular septal base to 
encroach on the outflow of blood. Some dogs at rest 
may not exhibit LV outflow obstruction; disclosure may 
occur after extrasystolic beats, or provocative testing 
with isoproterenol or exercise may be necessary for its 
detection (see Fig. 24-21). Systolic anterior motion is 
not pathognomonic of subaortic stenosis and may be 
present in hypertrophic cardiomyopathy, left ventricu- 
lar hypertrophy, and hypercontractile states. 

The severity of the subaortic stenosis can be judged 
by the degree of myocardial thickening, presence of 
hyperechoic lesions, and objectively by the pressure 
gradient across the area of stenosis. Morphologic 
grades of SAS have been described from necropsy”: 
grade 1—small, slightly raised subvalvular nodules; 


FIGURE 8-19 


Two-dimensional echo recorded at the right parasternal transducer 
location in a dog with congenital subaortic stenosis. The long-axis 
view is optimized to display the left ventricular outflow tract. There 
is hypertrophy of the interventricular septum (S) and left 
ventricular posterior wall (LW). A distinct subyalvular fibrous band 
is present (arrow). A hyperechoic subendocardial region is evident 
in the papillary muscle (open arrow). LA, left atrium; A, aorta. 
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grade 2—a narrow, thickened subvalvular ridge par- 
tially surrounding the LV outflow tract; and grade 3—a 
complete subvalvular fibrous band or collar sur- 
rounding the LV outflow tract, sometimes involving 
the cranioventral mitral valve leaflet. 


DOPPLER ECHOCARDIOGRAPHY. Doppler examination 
will demonstrate the maximal systolic pressure gradi- 
ent (AP) from the peak transaortic velocity*® 91% ac- 
cording to the modified Bernoulli equation: AP 
(change in pressure) = 4 X [velocity]? (see Fig. 8—4, 
Frame 2; see also Figs. 24-16, 24-20). The maximal 
velocity is often best determined from the supraster- 
nal, subcostal, or left caudal (apical) locations. In mild 
cases the only detected abnormality may be increased 
aortic blood-flow velocity. Color-flow Doppler echocar- 
diography reveals systolic turbulence distal to the ob- 
struction. Mild aortic regurgitation is usually present 
in dogs with subaortic stenosis. Maximal Doppler pres- 
sure gradients of over 125 mmHg are considered se- 
vere. By cardiac catheterization, traditional gradients 
suggesting the level of severity are mild stenosis, gradi- 
ent of less than 50 mmHg; moderate stenosis, 50 to 75 
mmHg; and severe, over 75 mmHg. General anesthesia 
depresses pressure gradients at least 50 percent. 


PULMONIC VALVE STENOSIS 


Pulmonic stenosis (PS) most commonly results from 
pulmonic valve dysplasia, although infundibular, sub- 
valvular, and supravalvular PS have been reported. Sub- 
valvular or valvular PS is a component of tetralogy of 
Fallot. Short axis-views best visualize these lesions. 


TWO-DIMENSIONAL ECHOCARDIOGRAPHY. Characteristic 
changes (Fig. 8-20; see also Fig. 24-9) include: (1) RV 
hypertrophy and papillary muscle enlargement, (2) 
paradoxic ventricular septal motion, (3) muscular nar- 
rowing of the RV outflow tract, (4) hyperechoic lesions 
within the RV myocardium, indicating severe fibrosis 
or calcification, (5) poststenotic dilatation of the main 
pulmonary artery, (6) increased echogenicity and 
thickening of the pulmonary valves, (7) a narrowed 
pulmonary valve orifice, and (8) variable right atrial 
enlargement. Concurrent lesions may occur, such as 
anomalous left main coronary artery, especially in En- 
glish bulldogs and boxers, and tricuspid valve dyspla- 
sia. 


DOPPLER ECHOCARDIOGRAPHY. Common findings in- 
clude turbulence in the pulmonary artery, increased 
blood velocity across the stenosis, pulmonic insuffi- 
ciency, and a valvular gradient (see Fig. 8-4, Frame 
1). Optimal ultrasound beam alignment across the 
pulmonary valve may be difficult, and the right ventric- 
ular outflow tract should be imaged from both the left 
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cranial and right parasternal locations to detect the 
maximal velocity. The pressure gradient across the ste- 
notic pulmonic valve may then be determined (AP = 
4 X [velocity]?).!°' Dogs with a gradient of less than 
50 mmHg are considered to have mild PS, whereas 
severe PS is indicated in dogs with gradients of greater 
than 125 mmHg. The best candidates for balloon val- 
vuloplasty are dogs with gradients of greater than 75 
mmHg that do not have severe structural and func- 
tional alteration and have purely valvular stenosis. 


TETRALOGY OF FALLOT 


Two-dimensional echocardiography is used to iden- 
tify components of this cyanotic congenital cardiac 
anomaly. The pulmonary trunk and pulmonic valves 
should be examined carefully at their sites of origin to 
differentiate tetralogy of Fallot from truncus arteriosus 
or pulmonic atresia. 


TWO-DIMENSIONAL ECHOCARDIOGRAPHY. Features (see 
Fig. 24-52) include (1) a large, subaortic ventricular 
septal defect, (2) a dextropositioned (overriding) 
aorta, (3) right ventricular outflow obstruction (pul- 
monic stenosis), and (4) secondary right ventricular 
hypertrophy. The aorta may be enlarged owing to in- 
creased flow through the VSD. Left atrial and ventricu- 
lar size are generally small. Ventricular septal hypertro- 


FIGURE 8-20 


Two-dimensional echoes recorded at the right 
parasternal transducer location in two different dogs 
with pulmonic stenosis. (A) Short-axis view at the 
level of the aorta shows thickened pulmonary valve 
(PV) leaflets (which had decreased range of motion); 
narrowed pulmonary valve annulus; and dilated main 
pulmonary artery (PA) (poststenotic dilation). RA, 
right atrium; A, aorta. (B) Oblique short-axis view at 
the level of the aorta shows dysplastic pulmonary 
valves (PV) (curved arrow) that are greatly thickened, 
and subvalvular (infundibular) hypertrophy (arrow). 
PA, main pulmonary artery; RVOT, right ventricular 
outflow tract; A, ascending aorta. 


phy and paradoxic or flattened septal motion are 
present. Pulmonary atresia and hypoplasia of the su- 
praventricular crest may be present. Echocontrast stud- 
ies document right-to-left shunting through the VSD. 


DOPPLER ECHOCARDIOGRAPHY. Doppler examination 
reveals right-to-left shunting across the VSD into the 
aorta and severe pulmonic stenosis. Pulmonary hyper- 
tension as a potential cause of right-to-left shunting 
must be ruled out. 


ECHOCARDIOGRAPHIC 
EVALUATION OF ACQUIRED 
DISEASE 


CHRONIC ACQUIRED 
ATRIOVENTRICULAR (AV) VALVE 
DISEASE 


Atrioventricular valve insufficiency results from 
chronic acquired valve disease (endocardiosis, myxo- 
matous degeneration). It is easily evaluated by 2-D and 
Doppler echocardiography, but the cost-benefit value 
of these studies in uncomplicated cases is unproved. 


TWO-DIMENSIONAL ECHOCARDIOGRAPHY. Right paraster- 
nal long- and short-axis views are well suited for 2-D 
evaluation. Atrioventricular valve leaflets are thickened 
and nodular (Fig. 8-21; see also Fig. 8-12) and may 
protrude into the atria during systole. Regurgitation 


severity can be indirectly estimated by the degree of 


ventricular and atrial enlargement, which may be pro- 
nounced in advanced cases. 

When mitral insufficiency is present, the percent 
fractional shortening (%FS) provides only an approxi- 
mation of systolic function because preload and 
afterload markedly affect this index. Since left atrial 
pressures are lower than systemic arterial pressures, it 
is easier for the LV in cases of mitral insufficiency to 
eject blood into the LA than into the aorta. With mild 
mitral insufficiency and low regurgitant fraction, the 
%¥FS will be normal. However, as the regurgitant frac- 
tion increases while myocardial function is preserved, 
the %FS also increases. That is, the LV “unloads” 
blood more readily, albeit retrogradely, into the LA, 
such that the %FS is elevated, even when early myocar- 
dial failure is present. During diastolic ventricular fill- 
ing, ventricular septal motion is exaggerated toward 
the RV. Enhanced ventricular unloading and increased 
preload contribute to a supranormal %FS value (Fig. 
8-22A). If myocardial failure develops, the %FS de- 
clines, and values ultimately may be recorded in the 
normal range (Fig. 8-22B). Myocardial failure is gener- 


FIGURE 8-21 


Two-dimensional echo of a poodle with 
chronic acquired valve disease 
(endocardiosis) and severe mitral 
regurgitation recorded at the left apical 
(caudal) transducer location. Sequential 
frames in this apical four-chamber view 
demonstrate mitral valve motion and 
severely thickened leaflets. During early 
(Frames 1 and 2) and late (Frame 3) 
diastole, the anterior mitral valve leaflet 
(arrow) moves normally, but the 
posterior leaflet is relatively immobile. 
In Frame 4, the thickened leaflets 
protrude into the left atrium (LA). The 
LA and left ventricle (LV) are dilated 
from volume overload. RA, right atrium; 
RV, right ventricle. 
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ally uncommon with acquired canine mitral regurgita- 
tion.” 

The E-point septal separation (EPSS) is an indicator 
of inotropic state as well as chamber diameter and is 
usually normal unless significant and chronic mitral 
regurgitation is present. This measurement highly de- 
pends on beam orientation. 


DOPPLER ECHOCARDIOGRAPHY. Doppler echocardiogra- 
phy can identify and semiquantify valvular insufficiency 
(Color Plate 10). Spectral Doppler echocardiography 
may show a high peak regurgitant velocity in mitral 
regurgitation (5 to 6 m/sec) but relatively lower veloci- 
ties (<2 m/sec) in tricuspid regurgitation (high-veloc- 
ity tricuspid regurgitation [>4 m/sec] usually suggests 
pulmonary hypertension). Insignificant pulmonic and 
aortic insufficiency (<2 m/sec) are commonly present 
in some affected dogs. Assessment of the regurgitant 


jet’s size (length and area) depends not only on the 


amount of regurgitation but also on the characteristics 
of the receiving chamber. Limitations in quantifying 
AV valve insufficiency have been reviewed.** 1°? 


MYOCARDIAL DISEASES 


Echocardiography has greatly improved character- 


ization of cardiomyopathies. Dilated, hypertrophic, 
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and restrictive cardiomyopathies can be readily differ- 
entiated 58, 62, 66, 103-109 


DILATED (CONGESTIVE) CARDIOMYOPATHY 


TWO-DIMENSIONAL ECHOCARDIOGRAPHY. The following 
echocardiographic findings may be detected*' (see 
Figs. 27-6, 28-20): (1) dilated left and right ventricles, 
(2) dilated left and right atria, (3) hypokinetic and 
paradoxic septal motion, (4) severely reduced frac- 
tional shortening and velocity of circumferential fiber 
shortening, (5) reduced left ventricular free wall am- 
plitude, (6) normal-to-thin myocardial wall thickness, 
(7) increased E-point septal separation, (8) decreased 
mitral valve excursions, (9) abnormal delayed closure 
of the mitral valve, resulting in a visible hump (“B 
shoulder”), (10) dilated left ventricular outflow tract, 
(11) decreased aortic root amplitude and diameter, 
(12) abnormal systolic time intervals (decreased LV 
ejection time and prolonged pre-ejection period), (13) 
spontaneous echo contrast formation suggesting blood 


FIGURE 8-22 


M-mode echoes of two dogs with chronic acquired 
valve disease (endocardiosis) recorded at the 
ventricular level just below the mitral valve. (A) 
Nine-year-old poodle with asymptomatic 
compensated mitral insufficiency. Ventricular 
septal and LV free wall motion are hyperdynamic; 
fractional shortening is elevated (55%). (B) 
Fifteen-year-old Lhasa Apso with decompensated 
mitral and tricuspid regurgitation. Motion of the 
ventricular septum is exaggerated relative to the 
hypokinetic LV free wall. Whereas the fractional 
shortening (35%) may be within the low-normal 
range for some healthy, unaffected dogs, it is too 
low for a dog with severe mitral regurgitation and 
indicates left ventricular myocardial failure. Left 
ventricular end-systolic and end-diastolic 
dimensions are also increased. RV, right 
ventricular chamber; S, interventricular septum; 
LV, left ventricular chamber; W, left ventricular 
wall. 


stasis, (14) LA or LV thrombi in cats, and (15) pericar- 
dial, pleural, or abdominal effusion. Canine dilated 
cardiomyopathy is frequently associated with atrial fi- 
brillation. 


DOPPLER ECHOCARDIOGRAPHY. Doppler echocardio- 
graphic studies can provide additional information 
about myocardial function." Wë The velocity of blood 
flow across the cardiac valves is reduced. Hemody- 
namic determinations are most frequently quantified 
from the aortic flow velocity curves. Diastolic function 
may also be abnormal. 


HYPERTROPHIC CARDIOMYOPATHY 


Echocardiography is a highly sensitive test of left 
ventricular hypertrophy.®** © '* Feline hypertrophic 
cardiomyopathy (HCM) is morphologically hetero- 
geneous. ' In feline hyperthyroidism, LV hyper- 
trophy, LA and RA enlargement, increased %FS and 
indices indicating a hypercontractile state are com- 


mon.'” These changes are often reversible when eu- 
thyroidism is re-established and maintained. 


TWO-DIMENSIONAL ECHOCARDIOGRAPHY. Characteristic 
2-D echo findings™ (see Figs. 28-3, 28-5, 98-7, 28-14) 
include (1) LV hypertrophy (LV free wall or ventricu- 
lar septum >6 mm at end-diastole; wall thickening is 
most commonly diffuse, involving the ventricular sep- 
tum and free wall). Less frequently, it may be segmen- 
tal and confined to the anterior ventricular septum; 
(2) moderately to severely enlarged LA and left auri- 
cle, often accompanied by RA enlargement of lesser 
severity; (3) left ventricular internal dimensions usually 
normal at end-diastole but decreased at end-systole; 
(4) dynamic LV outflow tract obstruction associated 
with systolic anterior motion (SAM) of the anterior 
mitral valve, and corresponding midaortic valve clo- 
sure; the anterior mitral valve leaflet is usually thick- 
ened and endocardial plaque is present in the basilar 
ventricular septum, corresponding to the point of 
SAM-septal contact; (5) fractional shortening usually 
normal but may be increased; (6) possible LA or LV 
thrombi (see Fig. 28-14); and (7) pericardial or pleu- 
ral effusion in some cats. Endomyocardial fibrosis may 
sometimes cause increased echogenicity. Canine HCM 
is rare and not well described. 


DOPPLER ECHOCARDIOGRAPHY. Doppler studies reveal 
mild mitral insufficiency in most cats. When dynamic 
LV outflow tract obstruction is present, regurgitant jets 
originate at the site of SAM-septal contact; they can be 
of high velocity (>4 m/sec); and they have an eccen- 
tric orientation, often directed toward the caudal LA 
border (see Figs. 28-4, 28-5). Cats with the nonob- 
structive form of HCM have mild mitral regurgitant 
jets of lower velocities, originating from the mitral 
valve commissures. With the obstructive form of HCM, 
forward aortic velocities are increased (typically, 2 to 
4.5 m/sec), with a characteristic late peaking contour 
and corresponding midaortic valve closure on M-mode 
echo.” In addition, diastolic dysfunction may be associ- 
ated with changes in transmitral filling patterns. Char- 
acteristic LV relaxation abnormalities are reflected by 
reversal of early and late filling waves (E:A reversal). 
Here the Doppler echo A wave (following atrial con- 
traction in late diastole) is exaggerated relative to the 
early diastolic inflow velocity (E wave), as the atria 
contract to fill the stiff, noncompliant left ventricle 
(see Fig. 28-2). Many factors influence the interpreta- 
tion of Doppler echo patterns in addition to diastolic 
dysfunction.” 


RESTRICTIVE CARDIOMYOPATHY 


This feline myocardial disorder is heterogeneous 
and poorly defined. Echo characteristics include (1) 
relatively normal LV chamber and wall dimensions, 
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(2) normal or nearly normal systolic function, (3) 
severe LA enlargement in the absence of significant 
left-sided heart volume overload, (4) moderate-to-se- 
vere RA enlargement, RV enlargement, and variable 
RV hypertrophy, (5) LA or LV thromboemboli, and 
(6) variable pleural or pericardial effusion. Doppler 
studies may disclose mild mitral or tricuspid regurgita- 
tion. Some affected cats have a “classic” Doppler mi- 
tral filling pattern characterized by a high E wave and 
very-low-velocity A wave, or relaxation abnormalities 
(E:A reversal) .1% 110 


IDIOPATHIC ENDOMYOCARDIAL SCARRING 


This condition is characterized by endomyocardial 
fibrosis with large endocardial plaque. Echocardio- 
graphic characteristics (see Fig. 28-16) include (1) LV 
hypertrophy and severe LV enlargement, (2) variable 
RA and RV enlargement and hypertrophy, (3) severe 
mid-LV endocardial scar, usually bridging the LV free 
wall and ventricular septum, and occasionally obliterat- 
ing the apical chamber, (4) LA or LV thromboemboili, 
and (5) variable pericardial and pleural effusion. 
Doppler studies disclose mild-to-moderate mitral or 
tricuspid regurgitation and turbulence in the region 
of the endocardial scar, often with midventricular 
gradients. !® 1! 


BACTERIAL ENDOCARDITIS 


Vegetative endocarditis often can be detected by 
echocardiography (Fig. 8-23; see also Figs. 26-4, 
26-5). 113 The mitral and aortic valves are most fre- 
quently involved. Characteristic findings include (1) 
thickened, shaggy valve leaflets, often with peduncu- 
lated, mobile masses, (2) secondary left-sided heart 
changes due to severe volume overload (e.g., LA and 
LV enlargement, hyperdynamic LV septal and poste- 
rior wall motion), and (3) diastolic flutter of the ante- 
rior mitral valve leaflet when aortic regurgitation 
(from aortic valve vegetations) strikes this mitral leaflet 
(see Fig. 8~12). Vegetative valvular lesions may calcify, 
become hyperechoic, and cast acoustic shadows (i.e., 
loss or diminished intensity of gray in a structure lo- 
cated directly behind another highly reflective object). 
Even if vegetative lesions are not observed, this diagno- 
sis cannot be excluded since small lesions may be 
below the resolving capability of 2-D echocardiography. 
Diagnosis is aided by clinical findings and Doppler 
echo evidence of associated valvular insufficiency. Pre- 
existing valvular disease (chronic myxomatous change, 
endocardiosis) may hamper recognition of vegetations 
or simulate lesions. Myocardial abscesses may occur 
and appear as hypoechoic areas. 
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DIASTOLE 


FIGURE 8-23 


SYSTOLE 


Two-dimensional echoes recorded from the right parasternal transducer location from a 9-year-old 
English setter with syncope. Frames 1 and 2: Short-axis views at the aortic valve level. During diastole 
(Frame 1), aortic cusps are visible. During systole (Frame 2) a large, hyperechoic, vegetative mass is 
seen to occupy the aortic orifice. Frames 3 and 4; Slightly obliqued long-axis views to accentuate the 
LV outflow tract and aortic root. During diastole (Frame 3) the hyperechoic vegetative mass is 
situated in the LV outflow tract. Notice the darkened area of echo dropout in the LV posterior wall 
(W) directly below the vegetation. This acoustic shadow is caused by the vegetative mass blocking 
ultrasound transmission. During systole (Frame 4), the mass enters the aortic root. S, ventricular 


septum; A, aortic root; v, vegetative mass. 


PERICARDIAL AND PLEURAL EFFUSIONS 


Echocardiography is sensitive for diagnosing pericar- 
dial and pleural effusions (Figs. 8-24 to 8-27; see also 
Figs. 29-15, 29-17) .'11 


PERICARDIAL EFFUSION. Most pericardial disorders are 
associated with pericardial effusion or cause diffuse 
pericardial involvement. Effusion is identified by a rela- 
tively anechoic (black) or hypoechoic (dark) area (i.e., 
echo-free space) between the epicardium and pericar- 
dium; it occasionally contains fibrous bands, thrombi, 
focal tumor implants, or loculated effusion. Careful 
and extensive examination using multiple imaging 
planes and positions is indicated to search for etiology. 

Pericardial effusion is indicated in short-axis views 
by (1) separation of visceral and parietal pericardial 
surfaces by an echo-free space (Fig. 8-25, Frames 2,4), 
and (2) swinging of the entire heart within the pericar- 
dial space with severe effusions. In the right paraster- 


nal long-axis view, pericardial effusion collects initially 
behind the posterior LV wall just distal to the atrioven- 
tricular groove. It is most abundant at the cardiac 
apex, decreases toward the heart base, and is virtually 
absent behind the left atrium (prevented by venous 
pericardial attachments) (Figs. 8-24, Frame 3, 8-25; see 
also Figs. 28-16, 29-17). 


CARDIAC TAMPONADE. Rapid accumulation of a small 
amount of intrapericardial fluid, or chronic accumula- 
tion of a large volume, can raise intrapericardial pres- 
sure and impair diastolic filling. Tamponade describes 
the spectrum of cardiac abnormalities whose echocar- 
diographic features (Fig. 8-24, Frame 4) include (1) 
pericardial effusion, usually moderate-to-severe, (2) di- 
astolic inversion (collapse) of the right atrial or ventric- 
ular walls, and (3) generalized compression of the 
right side of the heart at very high pressures. Doppler 
echocardiography may record exaggerated respiratory 
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FIGURE 8-24 


Two-dimensional echoes demonstrating pleural and pericardial effusions recorded from the right 
parasternal location. Frame 1: Short-axis view of the left and right ventricles at the papillary level, 
recorded from a cat with pleural fluid (Pl F). The appearance of the pericardiodiaphragmatic 
ligament (arrow) and lung (L) indicate that the effusion is pleural rather than pericardial. Frame 2: 
Similar view recorded during systole of another cat with pleural fluid. The dotted line is the M-mode 
cursor. S, ventricular septum. Frame 3: Right parasternal long-axis four-chamber view from a Great 
Dane with pericardial effusion (PE). Notice that the effusion does not traverse behind the whole left 
atrium (LA) but ends slightly distal to the atrioventricular groove. RA, right atrium; Ru, right 
ventricle; rvw, right ventricular wall; Lv, left ventricle; S, ventricular septum; ct, chordae tendineae. 
Frame 4: A German shepherd with pericardial and pleural effusion that outlines the pericardium (P) 
as a circular sac around the heart. The left ventricular epicardium and parietal pericardium are 
separated by a sonolucent (‘‘echo-free’’) space caused by pericardial effusion (PE). The contour of 
the right ventricle is indicated (arrowheads), outlined by pericardial effusion and pleural fluid (PI F). 
Notice that the right ventricle (R) collapses inward during this diastolic frame because of cardiac 
tamponade. L, left heart. 
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FIGURE 8-25 


Two-dimensional echoes of dogs with various heart-base tumors, recorded from the right parasternal 
transducer position. Frame 1: Short-axis view at the aortic level of a mixed-breed dog. A mass (M) 
surrounds the aorta (A) and the right and left pulmonary arteries. RA, right atrium; PT, pulmonary 
trunk. Frame 2: Short-axis view at the atrioventricular level from a miniature poodle with a 
chemodectoma. A mass (arrowheads) that protrudes into the left atrium is of different echogenicity 
(appearing hypoechogenic, or ‘‘moth-eaten”’) relative to the myocardium. PE, pericardial effusion; S, 
interventricular septum; Mv, mitral valve; P, pericardium. Frame 3: Oblique, long-axis view of the LV 
outflow and inflow tract recorded from an English bulldog with a chemodectoma. The tumor 
(arrowheads) is large and encroaches on the left atrium. LVOT, left ventricular outflow tract; MV, 
mitral valve. Frame 4: Short-axis view at the papillary muscle level, recorded from a 10-year-old golden 
retriever. A mass (M) is apparent within the pericardial effusion (PE) adjacent to the right ventricular 
wall (RV). Right atrial hemangiosarcoma was found at surgery. S, ventricular septum; LY, left 
ventricle; P, pericardium. 
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FIGURE 8-26 


M-mode echo recordings at three standard views from a dog with mitral and tricuspid insufficiency 
and pericardial effusion. Frames 1 and 2: Pericardial effusion (PE) is indicated by a sonolucent, echo- 
free space between the epicardium and parietal pericardium (P). Pericardial effusion is 
characteristically most prominent at the cardiac apex, least evident at the base, and is mostly absent 
behind the left atrium as in Frame 3 (compare with Fig. 8-27). Rvw, right ventricular wall; Ruc, right 
ventricular chamber; S, interventricular septum; Luc, left ventricular chamber; Lvw, left ventricular 
free wall; TV, tricuspid valve; MV, anterior mitral valve leaflet; A, aortic root containing aortic valves; 


La, left atrium. 


variation of cardiac blood flow and decreased transval- 
vular flows, especially during inspiration. 


PLEURAL EFFUSION. Pleural effusion (Figs. 8-24, Frames 
1,2,4, 8-27) must be carefully differentiated from peri- 
cardial effusion (Figs. 8-24, Frames 3,4, 8-25, 8-26). 
Pleural effusion is detected behind the left atrium 
(Fig. 8-27), whereas pericardial effusion is minimal 
or absent there (Fig. 8-26). With pleural effusion, 
delineation of collapsed lung lobes, the pericardiodi- 
aphragmatic ligament (caudal mediastinum), and cra- 
nial mediastinum is possible, but not that of pericar- 
dial fluid. 

Pericardial and pleural fluid may be present con- 
comitantly. In these cases the pericardium is clearly 
outlined (Fig. 8-24, Frame 4). 


INTRACARDIAC AND EXTRACARDIAC MASSES 


Two-dimensional echocardiography is very useful to 
identify intracardiac and extracardiac masses.''” Diag- 


nostic accuracy is enhanced when cardiac imaging in- 
corporates multiple tomographic views. 

Heartworms within the right side of the heart or 
pulmonary artery can be seen as fine irregular, linear 
echoes or as a large, irregular dense mass when the 
worms are incorporated into a thrombus (see Figs. 
30-9; 31-5).''7 Echocardiographic changes associated 
with heartworm disease include (1) RV and RA en- 
largement, (2) flattened or paradoxic ventricular sep- 
tal motion, (3) reduced LV and LA chamber dimen- 
sions, (4) pulmonary artery enlargement, and (5) 
pleural or pericardial effusion. 

Intracardiac thrombi occur rarely in dogs but are com- 
mon in the left atrium and ventricle of cats with myo- 
cardial disease (see Fig. 28-14). When myocardial fail- 
ure or left atrial or ventricular enlargement is severe, 
blood stasis may result in spontaneous echo contrast. 
This appears as swirling, tiny white or gray echoes 
within the affected chamber and is often associated 
with mural thrombi (see Fig. 28-14). 

Neoplasia (e.g., chemodectoma, hemangiosarcoma, 
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ectopic thyroid adenocarcinoma, metastatic tumors) 
can be identified best with 2-D echocardiography’ 
(Fig. 8-25; see also Figs. 29-18, 29-19). The transducer 
often must be positioned in a craniodorsal location to 
image the heart base. Multiple imaging and transducer 
locations will assure optimal diagnostic accuracy. A 
mass involving only the RA is more likely to be a 
hemangiosarcoma than a chemodectoma. Usually, 
hemangiosarcoma is more likely to have hypoechoic 
or anechoic areas than is chemodectoma. Most feline 
intramural masses are lymphosarcoma. 
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FIGURE 8-27 


M-mode echo recordings at three standard 
views from a cat with pleural effusion. Note 
that in Frames 1 and 2, there is no separation 
of the LV epicardium and parietal 
pericardium by a sonolucent space, as would 
occur if pericardial effusion were present. 
Also, pleural effusion is located behind the 
left atrium (Frame 3), a feature that does not 
occur with pericardial effusion. P, 
pericardium; Rc, right ventricular cavity; S, 
interventricular septum; LV, left ventricular 
chamber; W, left ventricular free wall; Cw, 
chest wall; M, anterior mitral valve leaflet; 
Av, aortic valve; A, aorta, LA, left atrium; Pl 
F, pleural fluid. 
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Cardiac 
Catheterization and 
Angiocardiography 


WILLIAM P. THOMAS 
DAVID SISSON 


HISTORICAL PERSPECTIVES 


The “gold standard” for cardiovascular diagnosis over the past several 
decades has been invasive hemodynamic measurement and visualization of 
cardiac and vascular blood flow via catheters introduced through peripheral 
blood vessels (i.e., cardiac catheterization).'! Many disorders that once re- 
quired catheterization for confirmation can now be diagnosed noninvasively 
by multimodal echocardiography. In fact, reliable diagnosis, prognosis, and 
therapy can now be accomplished in most patients by noninvasive evalua- 
tions, which include physical examination, thoracic radiography, electrocar- 
diography, and echocardiography (especially if it includes Doppler imaging). 
However, cardiac catheterization remains an important clinical and research 
tool best performed and interpreted by individuals with specialty training or 
experience in cardiology and radiology. 

Although dogs have been used extensively for cardiovascular research, 
few references discuss the details of clinical cardiac catheterization.?* The 
techniques and applications in animals are similar to those used in humans; 
in-depth coverage of this topic can be found in several human texts.”! 


INDICATIONS 


The decision to perform cardiac catheterization should be based on 
careful consideration of potential risks versus benefits. Most catheterization 
and angiographic procedures require general anesthesia, which may have 
attendant risks, although in experienced hands, morbidity and mortality 
with catheterization is modest if overt heart failure is not present. The cost 
of the study, which requires specialized equipment and expertise, must also 
be considered. 

Invasive studies should be used in those instances in which an understand- 
ing of the anatomic and physiologic abnormalities from noninvasive studies 
are inadequate or incomplete for making clinical decisions. Such instances 
may include (1) animals in which measurement of intracardiac pressures, 
especially diastolic pressures, may affect the diagnosis, recommended ther- 
apy, or prognosis; (2) animals with vascular disorders affecting the great 
vessels or systemic, pulmonary, or coronary vasculature, which cannot be 
adequately evaluated noninvasively; and (3) animals with congenital or ac- 
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quired heart disease that requires additional character- 
ization in preparation for cardiac surgery. In addition, 
catheterization is required to perform interventional 
procedures, such as balloon dilation of intracardiac or 
vascular obstructions, transcatheter vascular interven- 
tions, and electrodiagnostic studies. Direct measure- 
ment of cardiac output and intracardiac pressures by 
catheterization are also commonly performed as part 
of clinical and experimental research protocols. 


CONTRAINDICATIONS 


There are no absolute contraindications to cardiac 
catheterization except for severe adverse reactions to 
anesthesia. In general, if the risk of the procedure 
outweighs the potential benefit of the data obtained, 
the study is not indicated. Catheterization is not indi- 
cated when an adequate diagnosis has been made 
noninvasively, except as a research or instructional pro- 
cedure with the owner’s informed consent. Potentially 
severe arrhythmias or congestive heart failure should 
be under maximum medical control prior to the study. 
In addition, any correctable extracardiac conditions 
that might affect the study results or increase the risk 
of the procedure, especially pulmonary diseases, bleed- 
ing disorders, hyperthyroidism, anemia, and fluid- 
electrolyte—acid base abnormalities, should be treated 
prior to the study. 


CARDIAC CATHETERIZATION— 
METHODOLOGIES AND 
TECHNIQUES 


EQUIPMENT 


Cardiac catheterization is a sophisticated procedure 
requiring special monitoring and recording equip- 
ment. Placement of catheters and angiography are 
carried out under fluoroscopic guidance with image 
intensification to minimize radiation exposure. The 
image is displayed on a television monitoring system. 
Either the table top or the x-ray unit should be adjust- 
able to optimize animal positioning. 

Display and recording of physiologic data are accom- 
plished using a multichannel amplifierrecorder that 
allows continuous electrocardiographic (ECG) moni- 
toring and recording of two or more parameters si- 
multaneously. Anesthesia equipment is required. A 
direct-current defibrillator, emergency drugs, and car- 
diopulmonary (CPR) equipment should be readily 
available.'° A variety of catheters, surgical instruments, 
drapes, and suture material should be presterilized. 


Other studies such as indicator dilution and oximetry 
require equipment described later. 

During catheterization, electrical grounding and 
shielding from x-radiation are essential for patient and 
operator safety. Cardiac catheters provide direct path- 
ways to the heart, and current leaks from x-ray or 
recording equipment have the potential to cause ar- 
rhythmias or even ventricular fibrillation. 


PATIENT PREPARATION AND 
ANESTHESIA 


Although limited catheterization may be accom- 
plished in awake or lightly sedated patients, full cathe- 
terization is usually performed under general anesthe- 
sia (chapter 38). Routine laboratory evaluation, 
including a complete blood count and BUN or creati- 
nine is obtained prior to anesthesia. Cardiac medica- 
tions are often withheld on the morning of the study. 
Most sedatives and anesthetics reduce cardiac output 
and blood pressure to some degree, and an attempt 
should be made to minimize these effects. Premedica- 
tion with atropine or glycopyrrolate’* may be given 
along with a small dose of a narcotic or other sedative. 
Tranquilizers tend to depress blood pressure more 
than narcotics. Barbiturates have less effect on cardiac 
output and blood pressure, but their use involves the 
risks associated with longer-acting, less reversible intra- 
venous drugs. Endotracheal intubation is advocated, 
and equipment for positive-pressure ventilation and 
oxygen administration should be available. The most 
common methods use inhalation anesthesia with 
methoxyflurane, halothane, or isoflurane.'* '* Close 
ECG monitoring is important. The level of anesthesia 
should be as light as possible to minimize the drugs’ 
hemodynamic effects, and light anesthesia just suffi- 
cient to prevent movement is usually adequate. 

Cardiac catheterization is a minor surgical proce- 
dure requiring aseptic technique. All catheters, surgi- 
cal instruments, drapes, and other equipment that will 
contact the operator or patient should be presterilized, 
and the surgical site is clipped, surgically prepped, 
and draped. 

There are several methods to introduce catheters 
and reach the desired chambers and vessels.?"' Older, 
cruder techniques, such as direct transthoracic left 
ventricular needle puncture, are rarely used today. Al- 
most all cardiac catheterizations are performed using 
percutaneous techniques or surgical exposure of pe- 
ripheral vessels (“cut-down”) to introduce catheters 
directly, which are then guided through the circulation 
using fluoroscopic guidance.” 


PERCUTANEOUS CATHETERIZATION 


Percutaneous catheter insertion (sometimes re- 
ferred to as the Seldinger technique*) without a cut- 
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down is used extensively in humans, but it is employed 
in animals primarily for right-sided heart catheteriza- 
tion. The technique begins with percutaneous needle 
puncture of a peripheral vein or artery and introduc- 
tion of a flexible guidewire through the needle into 
the vessel. The needle is removed, leaving the wire in 
place. In the original technique, after a short, tapered 
dilator is fed over the wire to enlarge the path and 
then removed, a tapered end-hold catheter is guided 
over the wire into the vessel and the catheterization 
proceeds. Today it is much more common to introduce 
a commercial dilatorsheath combination over the 
guidewire to dilate the path and to position a self- 
sealing sheath in the vessel, through which catheters 
may be easily introduced and exchanged. When the 
catheters and sheath are removed at the end of the 
procedure, patient immobility and direct vascular pres- 
sure are required to prevent excess hemorrhage, espe- 
cially after arterial puncture. Since this is usually not 
possible to achieve easily in small animals, percutane- 
ous catheterization is usually limited to peripheral ve- 
nous entry for right-sided heart catheterization, 
whereas peripheral arterial entry for left-sided heart 
catheterization is more often achieved by direct arte- 
rial cut-down. 


VASCULAR CUT-DOWN 


Passage of vascular catheters in the No. 4 to 10 
French range requires access to large arteries and 
veins. The most commonly selected vessels because of 
their size, mobility, and proximity to the heart are the 
carotid artery and external jugular vein in the neck.” ê 
The proximal femoral artery and vein are also used, 
but they lie farther from the heart and are less mobile 
than those in the neck. The femoral approach may be 
preferred for transseptal left heart catheterization, for 
electrode catheters for some electrophysiologic stud- 
ies, and for some interventional studies. 

The technique of catheter insertion is the same at 
either site. Accordingly, a small 2- to 3-cm incision is 
made through the skin and subcutaneous tissue. In 
the neck, the external jugular vein, which lies in the 
superficial fat ventrolateral to the trachea, and the 
carotid artery, which lies deeper and dorsolateral to 
the trachea, are isolated by blunt dissection. The artery 
is separated from the small internal jugular vein and 
large vagosympathetic trunk. In the hind limb, the 
femoral artery, vein, and nerve lie together just cranial 
to the pectineus muscle. The nerve is carefully sepa- 
rated, and the artery and vein are separately isolated. 

To insert the catheter, the vessel is either ligated 
distally or occluded by means of a rubber or elastic 
band held with a hemostat. A similar band is applied 
proximally, and the vessel is tensed slightly between 


the bands. A small incision is made in the vessel 
through which the catheter is inserted. The proximal 
band is loosened to allow passage of the catheter and 
then clamped around the catheter and vessel to pre- 
vent bleeding but loose enough to allow easy manipula- 
tion of the catheter. When a catheter is in a blood 
vessel, it is flushed periodically with heparinized (1 to 
2 IU/ml) saline. 


CATHETERS AND GUIDEWIRES 


Many different catheter configurations have been 
designed for specific purposes. The catheter selected 
depends on the studies that are planned and the oper- 
ator’s experience and personal preference. A variety 
of catheter lengths, diameters, and tip configurations 
(Fig. 9-1) should be available. The ideal catheter is 
radiopaque for easy fluoroscopic visualization, rela- 
tively nonthrombogenic, smooth enough to slide easily 
through the vessel, flexible enough to bend without 
kinking and reduce the risk of perforation, yet stiff 
enough so that the tip can be easily controlled by 
manipulating the proximal catheter end. The most 
common materials used are woven Dacron and poly- 
ethylene.7"” 

Catheters used in small animals usually range from 
No. 4 French (1.3 mm) to No. 8 French (2.7 mm) 
outside diameter and 50 to 150 cm in length.?° In 
general, the largest-bore catheter that can be easily 
introduced through the peripheral vessel and maneu- 
vered to all desired positions is the best to use, allowing 
easy injection and withdrawal with the least resistance. 


CATHETER SELECTION 


When a catheter is selected, a few general rules 
should be applied. Pressure may be measured with 
plain catheters having either an end hole, one or more 
side holes, or both (Fig. 9-1A). To measure pulmonary 
capillary wedge pressure, a plain end-hold catheter 
(e.g., Cournand’s catheter) or a balloon-tipped end- 
hole catheter (Swan-Ganz type) (Fig. 9-1A,B) is usually 
used. An end hole is also required for any catheter 
inserted over a guidewire. A multipurpose, balloon- 
tipped, end- and side-hole thermistor catheter (Fig. 
9-1B) is also commonly used to measure pulmonary 
artery and right atrial pressures and thermodilution 
cardiac output in the laboratory or in an intensive 
care unit. For rapid angiographic contrast injection, 
especially when using an automated power injector, a 
catheter with side holes and a closed or tightly curved 
tip (e.g., NIH, Lehman’s ventriculography, Berman’s 
angiographic, or pigtail) is recommended. Multiple, 
symmetrically opposed lateral holes and lack of an 
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FIGURE 9-1 


(A) The tips of some commonly used cardiovascular catheters are illustrated. 1, Straight polyethylene 
tubing with an end hole and a manually cut side hole; 2, Cournand’s dacron catheter with an end 
hole only; 3, NIH angiographic catheter with several side holes just proximal to a blunt, closed tip; 
4, Lehman ’s ventriculography catheter with a tapered solid but flexible tip and 2 side holes just 
proximal to the taper; 5, pigtail catheter with multiple side holes proximal to a tightly curved tip 
with an end hole; 6, Swan-Ganz type of balloon-tipped catheter with inflatable balloon cuff at the tip 
and an end hole (used primarily for right-sided heart catheterization and pulmonary arterial wedge 
pressure measurement); 7, bipolar electrode catheter for recording His bundle electrograms; 8, 
Telco catheter with micromanometer tip for high-fidelity recording of pressure and intracardiac 
phonocardiography; 9, thin, bipolar electrode catheter for temporary cardiac pacing. (B) Balloon- 
tipped thermodilution catheter. The three ports on the right communicate with the end hole, a side 
hole several centimeters from the tip, and the balloon at the tip (arrow), respectively. The other 2 
plug connectors (T) are the electrical connections to a thermistor near the catheter tip used for 
cardiac output measurement by thermal indicator dilution. 
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end hole allow better dispersion of injected contrast 
material, stabilize the catheter tip, and allow injection 
without the catheter recoil that invariably accompanies 
rapid injection through an end-hold catheter. In addi- 
tion, there is reduced risk of intramyocardial injection 
of contrast if the catheter tip is positioned against the 
myocardium. 


GUIDEWIRE SELECTION 


Guidewires are inserted into vascular catheters to 
assist their manipulation and insertion. They are simi- 
lar to wound guitar strings, consisting of a solid steel 
wire core wrapped in a fine wire coil. The most com- 
monly used guidewires range in length from 125 to 
260 cm, and in diameter from 0.01 to 0.38 mm. The 
tip, which lacks the solid inner core and is very flexi- 
ble, may be straight or curved into a sharp J shape to 
further reduce the risk of perforation. 

Flexible guidewires are useful for (1) maneuvering 
a catheter into a desired position more easily than if a 
stiffer catheter were selected; (2) straightening a 
curved catheter to facilitate its insertion or maneuver- 
ing; (3) maintaining percutaneous vessel access during 
catheter exchange; and (4) preplacement to guide 
large-bore, stiff catheters. They are particularly useful 
and even essential for guiding balloon dilation cathe- 
ters, which are typically stiff and wide, especially in 
the region of the balloon. Also available are steerable 
guidewires that have a proximal control mechanism 
that allows the operator to control the flexion of the 
tip. These may be advantageous in very small patients 
in which maneuvering room in the heart is very lim- 
ited. 


RIGHT-SIDED HEART 
CATHETERIZATION 


Right-sided heart catheterization is accomplished 
through an external jugular or femoral vein. Whether 
the right or left side is used and whether the animal 
faces left or right is a matter of personal preference. 
Because of the low venous blood pressure, little physi- 
cal pressure is required from the occluding bands 
placed on the vessel to prevent hemorrhage. After 
achieving vascular access and catheter introduction, 
the animal’s thorax is positioned in the fluoroscopic 
beam field for further guidance. 

From the jugular venous approach (Fig. 9-2A-D), 
the catheter is advanced down the jugular vein, 
through the cranial vena cava, and into the right 
atrium (Fig. 9-2A). In the atrium, the tip is directed 
ventrally into the right ventricle (Fig. 9~2B) and then 


cranially to reach the right ventricular outflow tract 
and pulmonary artery (Fig. 9-2C), forming a loop. 
Preforming the catheter with curvature at the tip facili- 
tates this maneuver. Misdirection of the catheter in the 
vena Cava or atrium may result in its passage dorsally 
into the azygos vein or caudally into the caudal vena 
cava or coronary sinus. The pulmonary capillary or 
arterial “wedge” position is attained by advancing the 
catheter distally into the lung until its tip is wedged 
into a small pulmonary artery, occluding forward flow 
through the vessel (Fig. 9-2D). Alternatively, a balloon- 
tipped catheter can be positioned in a medium pulmo- 
nary arterial branch and the balloon inflated to oc- 
clude forward flow and record the back pressure from 
the pulmonary capillaries and veins (the “wedge” pres- 
sure). A similar course is followed if the femoral ap- 
proach is used. 

Right-sided heart catheterization may also be 
achieved without fluoroscopic visualization, primarily 
in large dogs, by using a balloon-tipped catheter (Fig. 
9-1B). When the balloon is inflated in the right 
atrium, the catheter tip tends to be swept with the 
blood flow into the right ventricle and pulmonary 
artery. Positioning in the atrium, ventricle, pulmonary 
artery, or wedge position can be confirmed by connect- 
ing the catheter to a pressure transducer (Fig. 9-3) 
and monitoring the configuration of the pressure 
pulse, or by a small test injection of contrast medium. 
Normal right-sided heart pressures are shown in Figure 
9-4 and Table 9-1. 


LEFT-SIDED HEART CATHETERIZATION 


PERIPHERAL ARTERIAL APPROACH 


Left-sided heart catheterization is accomplished 
through a carotid or femoral artery. Because of the 
high arterial blood pressure, extra care must be taken 
to ensure that the occluding bands placed on these 


TABLE 9-1 
Normal Intracardiac and Intravascular Pressures 
(mmHg) in Small Animals 


Site Systolic Diastolic Mean 
RA — — 3 (+2) 
RV 25 (+5) 0-5 — 
PA 25 (+5) 10 (+3) 15 (+5) 
PA wedge 6 (+2) 4 (+2) 5 (+2) 
LA — — S 
LV 120 (+20) 0-8 — 
Aorta 120 (+20) 90 (+10) 100 (+10) 
Femoral artery 130 (+20) 90 (+10) 100 (+10) 


Note: These values represent animals under intravenous pentobarbital anes- 
thesia. Somewhat lower values are common in animals given other preanes- 
thetic and anesthetic agents. 
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FIGURE 9-2 


(A-D) Right-sided heart catheterization via the external jugular vein is illustrated. Using fluoroscopic 
guidance, the catheter is advanced through the cranial vena cava into the right atrium (A), then 
ventrally through the tricuspid valve into the right ventricle (B). From the RV the catheter must turn 
cranially into the RV outflow tract, then dorsally through the pulmonary valve into the proximal 
pulmonary artery (C). The pulmonary wedge position is reached by advancing the catheter farther 
into a smaller pulmonary artery (D). (E-H) Left heart catheterization via the carotid artery is illustrated. 
The catheter tip is guided retrograde through the brachiocephalic trunk into the aortic arch, then 
dorsally into the descending aorta (E) or ventrally into the ascending aorta (F) and through the 
aortic valve into the left ventricle (G). Although difficult to achieve in very small patients, the 
catheter tip may be guided dorsally through the mitral valve into the left atrium (H). Compare these 
positions with the angiograms in Figures 9-11 and 9-12. 
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FIGURE 9-3 


Examples of Statham pressure transducers. The larger 
model, p23Db, is useful for small and large animals, 
whereas the smaller model, p37B, is more fragile and 
used mainly for very small animals. Pressure is 
measured by connecting the end of the fluid-filled 
transducer dome horizontally to the fluid-filled 
intravascular catheter to form a closed, gas-free fluid 
connection between the catheter tip and transducer 
sensing diaphragm. 


vessels are tight and stable enough to prevent hemor- 
rhage during catheter manipulations. 

From the cervical approach (Fig. 9-2E-H), the cath- 
eter is advanced through the brachiocephalic trunk 
and into the aortic arch. By turning the tip dorsally 
or ventrally, the catheter can be directed into the 
descending (Fig. 9-2E) or ascending (Fig. 9-2F) aorta, 
respectively. In the aortic root, the catheter tip tends 
to deflect off the aortic valve cusps into the sinuses of 
Valsalva. Repeated back-and-forth movements timed to 
advance the catheter during ventricular systole usually 
result in passage through the valve into the left ventri- 
cle (Fig. 9-2G). If the catheter has an end hole, use of 
a J-tipped guidewire may assist in this maneuver. Sey- 
eral catheters have been designed to facilitate retro- 


FIGURE 9-4 


(A) Normal right-sided heart pressures during withdrawal of a 
catheter from the pulmonary artery (PA) into the right ventricle 
(RV) and right atrium (RA). As the catheter tip crosses the 
pulmonary valve, the early diastolic pressure drops to near zero in 
the right ventricle. The peak systolic pressure in the PA and RV is 
the same (22 mmHg), with no pressure gradient across the normal 
valve. The RV end-diastolic pressure (EDP = 4 to 5 mmHg) is 
measured after atrial systole, just before the rapid upstroke of 
ventricular systole (arrow). As the catheter tip crosses the tricuspid 
valve, the systolic pressure also drops to a low level. In the RA, the 
a wave is due to atrial contraction, and the v wave represents atrial 
filling during later ventricular systole. The mean RA pressure is 3 
mmHg. (B) Pulmonary artery pressure recorded simultaneously by 
a fluid-filled catheter system and a high-fidelity catheter-tip 
manometer system. Note the smoother, high-fidelity tracing and 
the exaggerated peaks and fluctuation on the fluid-filled catheter 
tracing (see text for details). 


grade passage through the aortic valve, including Leh- 
man’s ventriculography and pigtail catheters (Fig. 
9-1).7"° Ventricular arrhythmias are commonly in- 
duced by the catheter tip in the left ventricle, and the 
ECG should be continuously monitored to detect and 
avoid serious arrhythmias. Because of the difficulty 
passing a catheter retrograde through the mitral valve, 
the left atrium is not routinely catheterized. However, 
using a flexible and slightly curved catheter turned 
dorsally in the ventricle, the left atrium may be entered 
(Fig. 9-29). 

Left-sided heart catheterization is usually more dif- 
ficult from the femoral approach because of the 
greater distance involved and the curvature of the 
aortic arch, which reduce the operator’s control over 


Pressure (mmHg) 
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the catheter tip. Passage into the left ventricle may be 
facilitated using a pigtail catheter and/or a J-tipped 
guidewire. 


TRANSSEPTAL APPROACH 


An alternative but infrequently used method to cath- 
eterize the left atrium and ventricle utilizes the atrial 
transseptal approach.” Using a femoral vein ap- 
proach, a specially designed long needle with a gently 
curved tip is passed through an end-hole catheter to 
the junction of the caudal vena cava and right atrium. 
The needle is advanced to protrude beyond the tip of 
the catheter, aimed medially toward the atrial septum, 
and then fluoroscopically positioned against the fossa 
ovalis in the caudal right atrium. The needle is then 
advanced through the interatrial septum into the left 
atrium, and the positioning is confirmed by contrast 
injection or by demonstrating a high oxygen content 
in a blood sample. A guidewire can then be passed 
through the needle and used to guide other catheters 
into the left atrium and ventricle after needle removal. 
Transseptal puncture may also be accomplished using 
the jugular vein approach. The transseptal approach 
is most valuable in conditions in which the left atrium 
and ventricle cannot be reached by retrograde cathe- 
terization (e.g., mitral stenosis or severe aortic steno- 
sis). 


RECOVERY AND AFTERCARE 


Following completion of appropriate studies, cathe- 
ters are removed and the vessels are repaired or li- 
gated, depending on the vessel size, degree of damage 
incurred, length of the procedure, and ability of the 
operator, Free bleeding should occur from both proxi- 
mal and distal portions of a vessel to be repaired. 
Fortunately, because of the presence of collateral 
paths, the jugular vein, carotid artery, and femoral 
artery and vein may be safely ligated in dogs and cats. 
Wound closure and aftercare are routine. Perioperative 
antibiotics are not recommended unless the procedure 
is long or the sterility is compromised. 


COMPLICATIONS 


In experienced hands and with proper precautions, 
serious complications during or after cardiac catheter- 
ization are uncommon.’ )*'* Risk is definitely in- 
creased in the presence of heart failure, and risks also 
tend to increase in proportion to procedure length, 
disease severity, and aggressiveness of the procedure 
(e.g., balloon dilation). 

Complications may be minor and transient or major 
and serious.’ The most common transient complica- 


tion is an atrial or ventricular arrhythmia, usually pre- 
mature beats or transient ventricular tachycardia, in- 
duced by catheter contact of sensitive endocardium. 
An especially sensitive area for catheter-induced ven- 
tricular arrhythmias is the right ventricular outflow 
tract. These usually subside when the catheter is with- 
drawn or repositioned, but lidocaine administration 
may be indicated if ventricular ectopy is marked and 
persistent. Right bundle branch block may also be 
induced when a right-sided heart catheter (especially 
a large, balloon dilation catheter) is manipulated 
through the right ventricular outflow region, due to 
trauma to the right bundle branch within the thin 
moderator band. This usually subsides within minutes 
to a few hours, but permanent bundle branch block 
occasionally results. Intimal damage and thrombosis 
may occur in catheterized vessels, but this is usually of 
little consequence. Post-operative complications at the 
incision site may include hemorrhage, infection, or 
seroma formation, which rarely requires drainage. 

Serious, potentially life-threatening complications, 
although uncommon in an experienced laboratory, 
may include ventricular fibrillation, cardiac or vascular 
perforation, valve damage, intramyocardial contrast in- 
jection, and catheter breakage and embolus.' !5-17 
Myocardial infarction, a significant risk in humans, is 
extremely rare in animals. Occasionally, a catheter- 
induced ventricular arrhythmia may progress to ven- 
tricular fibrillation. Emergency drugs and a defibrilla- 
tor should always be nearby during any invasive cardiac 
study. Overzealous catheter manipulation may result 
in perforation of the myocardium or a large vessel, 
resulting in thoracic hemorrhage or acute cardiac tam- 
ponade. A catheter should never be forced against 
an obstruction. Use of flexible, preformed catheters, 
judicious use of guidewires, and gentle manipulation 
can minimize this risk. Vigorous catheter manipulation 
can also perforate or lacerate a cardiac valve, especially 
during retrograde catheterization or balloon catheter 
dilation. Particular care is required when passing a 
catheter retrograde through the delicate aortic valve. 

Complications associated with angiocardiography 
are uncommon in experienced laboratories.'” 15 1% 19 
Transient hypotension is common following angiogra- 
phy, and the risk of severe hypotension, bradycardia, 
and acute heart failure is increased in patients with 
severe acquired pulmonary hypertension. Intramyocar- 
dial injection of contrast medium can occur, usually 
when a power injector is used with an end-hole cathe- 
ter or with any catheter wedged into ventricular trabec- 
ulae. Use of closed tip, side-hole catheters for angiogra- 
phy and confirming catheter tip positioning by small 
test injections of contrast by hand usually prevents this 
complication. Catheters that are intended for reuse 
should also be inspected after every use for cracks, 
kinks, or weakened areas, especially near the tip, to 
prevent breakage and embolization. 
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CARDIAC CATHETERIZATION 
STUDIES 


The commonest studies performed include pressure 
measurements, blood sampling for oximetry, indicator 
dilution flow studies, and angiocardiography.* >"! Less 
commonly, intracardiac phonocardiography, intracar- 
diac electrogram recording and pacing studies, and 
interventional studies (e.g., balloon dilation valvulo- 
plasty, transvenous coil occlusion) are performed. 


PRESSURE MEASUREMENTS 


Intracardiac hydrostatic pressure is the most com- 
mon hemodynamic measurement made at cardiac 
catheterization.*>"' As a general rule, all hemodynamic 
studies, including pressure measurements, should be 
performed prior to angiography and under very light 
anesthesia to minimize the negative hemodynamic ef- 
fects of these agents. While micromanometer-tipped 
catheters provide lag-free and nearly artifact-free pres- 
sure recording (Fig. 9-4B), they are expensive and 
fragile. The most common system used in clinical 
studies is the fluid-filled catheter coupled to an exter- 
nal strain gauge transducer-amplifier-recorder system 
(Figs. 9-1, 9-3). 

There are several principles to consider when mea- 
suring pressure with a fluid-filled catheter-transducer 
system.*"! The transducer consists of a pressure-sensi- 
tive membrane or diaphragm inside the fluid-filled 
chamber with one or two outlet connections (Fig. 9~3). 
Changing pressure at the catheter tip is transmitted by 
small fluid movements through the catheter directly to 
the transducer chamber. When this pressure change is 
applied to the diaphragm, changes in electrical resis- 
tance proportional to the pressure cause voltage 
changes in a circuit beneath the diaphragm. The trans- 
ducer thereby converts the intravascular pressure sig- 
nal into a proportional voltage signal that can be cali- 
brated, displayed on an oscilloscope, and recorded on 
paper or tape. For the system to display the catheter 
tip pressure accurately, the following criteria must be 
mets! 


1. The transducer must accurately calibrate and zero 
properly compared with a mercury manometer, and its 
response must be linear over the range of intravascular 
pressures. The zero level should be checked frequently 
during the procedure to compensate for baseline drift, 
usually caused by temperature changes in the trans- 
ducer dome. 

2. The catheter tip and transducer must be at the 
same vertical level (especially important for accurately 
measuring low atrial and ventricular diastolic pres- 


sures), usually standardized at the midsternal level in 
a laterally recumbent animal. 

3. The frequency response of the entire system must 
be appropriate. For intravascular pressures, a relatively 
flat, linear (+ 5 percent) frequency response (output 
vs. input) up to the frequency of the first 10 harmonics 
(approximately 20 Hz) of the fundamental frequency 
of the pressure wave is required. 


Every catheter-transducer system has its own natural 
frequency at which the system resonates and overam- 
plifies the signal. That frequency should be higher 
than 20 Hz to avoid accentuation of the higher fre- 
quency components of the pressure signal and 
“overshoot”’-type artifacts. Damping of higher frequen- 
cies is often necessary to limit this type of artifact. 
However, if the system is overdamped, the higher-fre- 
quency components of the pressure signal are dimin- 
ished and smaller, more rapid pressure fluctuations are 
lost, altering the peak systolic and diastolic portions of 
the tracing. Common causes of overdamping include 
air bubbles in the system, clots in the catheter tip, 
fluid leaks, a catheter that is too narrow or too long 
for the volume of the transducer, and other hindrances 
to free fluid movement (e.g., kinked catheter, partially 
closed stopcock). The commonly employed No. 4 to 8 
French catheter-transducer systems, although inade- 
quate for recording high-frequency events (such as 
ventricular dp/dt [rate of change of pressure]), are 
usually satisfactory for recording conventional clinical 
pressures. 

Pressure is recorded from each chamber entered 
during the procedure. Before recording the first pres- 
sure, the zero reference point and system calibration 
are rechecked and the catheter is flushed. The cathe- 
ter tip should be free in the lumen of the vessel or 
chamber (except in the wedge position) to prevent 
occlusion of the hole(s) during part of the cardiac 
cycle, which is especially common with end-hole cathe- 
ters. The catheter tip should also be as stable as possi- 
ble to avoid motion artifact (“catheter whip”), which 
is especially common in tracings from the pulmonary 
artery. On the venous (right) side, the pulmonary 
wedge pressure is measured as described earlier, using 
an end-hole or balloon-tipped catheter. By occluding 
forward flow, the end hole measures the back pressure 
from the pulmonary capillaries, veins, and left atrium. 
The tracing resembles left atrial pressure (a and v 
waves May or may not be discernible) and is slightly 
lower than the pulmonary artery diastolic pressure. 
The catheter is then withdrawn successively into the 
pulmonary artery, right ventricle, and atrium. It is 
common to encounter ventricular extrasystoles when 
the catheter tip crosses the pulmonary valve into the 
right ventricular outflow tract. On the arterial (left) 
side, pressure is recorded during withdrawal of the 
catheter tip from the left ventricle into the aorta. A 
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catheter with a single end or side hole is most useful if 
both the magnitude and location of an abrupt pressure 
change (pressure gradient) are being studied. 


CARDIOVASCULAR PRESSURE VALUES 


Normal cardiac pressures are listed and illustrated 
(Table 9-1; Figs. 9-4, 9-5).'' Arterial pressure tracings 
in the normal animal have a peak systolic pressure, a 
dicrotic notch associated with semilunar valve closure, 
and a minimum diastolic pressure. The pulmonary 
artery diastolic pressure should be very close to the 
left ventricular end-diastolic pressure. In the ventricle, 
the systolic pressure is the same as in the correspond- 
ing artery, but the diastolic pressure is similar to atrial 
pressure and close to zero. The end-diastolic ventricu- 
lar pressure is measured after atrial contraction at the 
junction between the a (atrial contraction) wave and 
the rapid, early systolic upstroke. The atrial pressure 
tracing is only a few millimeters of mercury and has 
two consistent positive waves, a and v (late systole), 
followed by the downslopes x and y, respectively. 

Relatively few major changes in the normal pressure 
profiles are commonly recorded in patients with heart 
disease.*"! Examples of abnormal pressure tracings 
from animals with right-sided and left-sided heart dis- 
eases are illustrated (Figs. 9-6, 9-7; see also Figs. 24-1, 
24-11, 24-20, 24-21; Figs. 29-1, 29-13, 29-14, 29-21, 
29-22). Abnormalities of systolic pressure occur pri- 
marily when there is an increased resistance to ventric- 
ular outflow. Discrete flow obstructions anywhere in 
the circulation are characterized by the presence of a 
pressure gradient during flow across the obstruction. 
Discrete ventricular outflow obstructions are diag- 
nosed by demonstrating a systolic pressure gradient 


Pressure (mmHg) 


FIGURE 9-5 


Normal left-sided heart pressures during withdrawal of a catheter 
from the left atrium (LA) through the left ventricle (LV) into the 
aorta (Ao). The LA tracing is similar to that in the RA (Fig. 9-4). 
In the LV, the end-diastolic pressure (EDP = 8 mmHg) is slightly 
higher than in the RV (Fig. 9-4). As the catheter tip crosses the 
aortic valve, the diastolic pressure increases (105 mmHg). The 
peak systolic pressure in the Ao and LV is the same (140 mmHg), 
with no pressure gradient across the normal valve. The sharp 
deflection at the dicrotic notch of the first aortic pressure pulse is 
an artifact caused by the aortic valve impacting on the catheter tip. 


Pressure (mmHg) 


FIGURE 9-6 


Abnormal right-sided heart pressure tracings. (A) Dog with 
congenital pulmonic stenosis. The pulmonary artery pressure is 
normal, but there is an abrupt increase in the systolic pressure as 
the catheter tip is withdrawn across the valve into the right 
ventricle (compare with Fig. 9-4A). The systolic pressure gradient 
is 86 mmHg, indicating a moderately severe stenosis at the 
pulmonary valve level. The mean right atrial pressure is normal (4 
to 5 mmHg), but the a wave is slightly increased because of the 
associated right ventricle (RV) hypertrophy. (B) Dog with moderate 
pulmonary hypertension. The systolic, diastolic, and mean 
pulmonary artery (PA) pressures are increased. The systolic 
pressure is also increased in the RV, and there is no gradient 
across the pulmonary valve. The RV end-diastolic pressure is 
increased (12 to 15 mmHg), and the right atrial a wave is also 
prominent. (C) Dog with tricuspid valve regurgitation. The PA 
pressure and the RV systolic pressure are normal. The RV end- 
diastolic pressure is slightly increased (8 to 9 mmHg). The mean 
right atrium (RA) pressure is slightly increased (7 mmHg), and the 
v wave is increased (17 mmHg) and dominant. 


across the obstruction, which may be valvular, subvalvu- 
lar, or supravalvular, and may be fixed or dynamic." 7"! 

Figures 9-6A and 9-7A demonstrate typical systolic 
gradients from dogs with valvular pulmonic stenosis’* 
and subvyalvular aortic stenosis,’ respectively. Atrioven- 
tricular valve obstructions (rare) are similarly charac- 
terized by a pressure gradient between the atrium and 
ventricle during diastole.*® Diseases that diffusely in- 
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crease peripheral systemic vascular resistance or pul- 
monary vascular resistance result in increases in the 
corresponding mean arterial pressure (systemic hyper- 
tension or pulmonary hypertension,” respectively) and 
identical increases in the corresponding arterial and 
ventricular systolic pressure (Fig. 9-6B; note that there 
is no systolic pressure gradient across the semilunar 
valve in this case). 
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FIGURE 9-7 


Abnormal left-sided heart pressure tracings. (A) Dog with 
congenital subaortic stenosis. The systolic pressure in the body of 
the left ventricle (LV) is increased (185 mmHg). As the catheter tip 
is withdrawn from the LV, there is an abrupt decrease in systolic 
pressure while the catheter is still in the LV (pressure gradient = 
95 mmHg), indicating a subvalvular obstruction. Further catheter 
withdrawal across the aortic valve shows no systolic gradient at the 
valve level. (B) Dog with dilated cardiomyopathy and congestive 
heart failure. The LV end-diastolic pressure (EDP) is elevated (19 
to 20 mmHg), whereas systolic pressure remains normal. The 
notch at the peak of LV pressure is a common fluid-filled catheter 
artifact. (C) Dog with congenital mitral valve dysplasia, atrial 
fibrillation, and severe mitral regurgitation. The LV systolic 
pressure is normal. The LV end-diastolic pressure is elevated (18 to 
19 mmHg). The mean left atrium (LA) pressure is increased (25 
mmHg), and the v wave is markedly increased (41 mmHg) and 
dominant. Note that there is no a wave on either the LV or LA 
tracings because of atrial fibrillation and loss of atrial contractions. 


Abnormalities of diastolic pressure occur frequently 
in advanced cardiac diseases. The development of con- 
gestive heart failure is marked by an increase in the 
ventricular end-diastolic pressure in the affected ventri- 
cle(s),*"! regardless of whether heart failure results 
from myocardial contractile failure, severe volume 
overload, or diastolic impairment from myocardial or 
pericardial disease. An example of increased left ven- 
tricular end-diastolic pressure from a dog with myocar- 
dial failure caused by idiopathic dilated cardiomyopa- 
thy is shown in Figure 9-7B. The configuration of the 
diastolic ventricular and/or atrial pressure tracing may 
indicate the type of underlying abnormality. For exam- 
ple, atrioventricular valve regurgitation causes an in- 
crease in the mid-to-late systolic v wave in the corres- 
ponding atrium. Figures 9-6C and 9-7C demonstrate 
the increased end-diastolic pressure and increased v 
wave from dogs with marked tricuspid regurgitation 
and mitral regurgitation, respectively. Conditions that 
increase the resistance to ventricular filling cause an 
increased end-diastolic pressure and a predominantly 
increased atrial a wave. When this is caused by reduced 
ventricular compliance (increasing stiffness) due to 
myocardial hypertrophy, fibrosis, or infiltration, the 
left ventricle is often most affected, and the left ventric- 
ular diastolic pressure is usually greater than that in 
the right ventricle. When the filling restriction is 
caused by increased pericardial constraint (pericardial 
effusion or fibrosis), both ventricles are usually af- 
fected equally, and there are equivalent and synchro- 


nous increases in the diastolic pressures of both ventri- 
cles.*"! 1, 22 


CARDIAC OUTPUT (FLOW) 
MEASUREMENT 


The other primary hemodynamic variable measured 
during catheterization is blood flow, usually expressed 
as cardiac output (L/min) or cardiac index (L/min/ 
kg or L/min/m?’). The two most common methods 
used for flow measurement are oximetry and indicator 
dilution.*"! 


OXIMETRY 


Withdrawal of blood samples during cardiac cathe- 
terization is done primarily for determination of oxy- 
gen content (vol%, ml/dl and ml/L) or percent 
oxygen saturation.*'! These two measurements are di- 
rectly related to the hemoglobin content of the blood 
by the following formula: 


O, saturation (%) = 


O, content (ml O./dl blood) 
Hemoglobin (gmHb/dl blood) X 1.34 (ml O./gmHb) 
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The numerator is the measured oxygen content of the 
blood sample, while the denominator is the theoretical 
oxygen-carrying capacity of the sample based on the 
hemoglobin content and the oxygen-carrying capacity 
of normal hemoglobin. In practice, direct measure- 
ment of oxygen saturation is generally easier and faster 
than the methods used to determine oxygen content 
directly. Percent saturation may also be determined by 
measuring the partial pressure of oxygen (PO.) in the 
sample and finding the corresponding point on the 
oxygen dissociation curve for hemoglobin. Samples for 
oximetry are collected from each chamber in hepar- 
inized syringes; air bubbles are expelled; syringes are 
capped and kept in an ice bath until analyzed. 

Cardiac output can be determined by the Fick princi- 
ple,’ which states that if a measurable substance is 
continuously added to or removed from the blood by 
an organ, then the blood flow through the organ 
equals the amount of substance added or removed per 
unit of time, divided by the arteriovenous difference 
in the concentration of the substance. For measuring 
cardiac output, the organ is the lung and the substance 
added is oxygen. The A-V O, difference (ml O;/dl 
blood) is found by measuring O, content of mixed 
venous blood sampled from the pulmonary artery 
(after mixing of the vena caval and coronary venous 
returns in the right atrium and ventricle) and systemic 
arterial blood (assumed to be similar to pulmonary 
venous O; content). Oxygen consumption (ml/min) 
is measured by comparing the O; content of the in- 
spired air to that of a timed expired air sample col- 
lected through a spirometer into a collecting bag. Pul- 
monary blood flow (which in the absence of any shunts 
is equal to systemic flow or cardiac output) is then 
calculated by the Fick formula: 


Cardiac output (L/min) = 


Oxygen consumption (ml/min) 


Systemic arterial _ 
O; content (Vol%) 


Pulmonary arterial 


O, content (Vol%) a 


A major drawback of the technique in animals is the 
necessity for the use of general anesthesia (which usu- 
ally involves inhalation of gas, which is very high in 
O, content and completely saturates the blood and 
invalidates the method for practical use), and the cum- 
bersome requirements for determining oxygen con- 
sumption. 

The presence and magnitude of left-to-right or right- 
to-left shunts can also be determined by measuring the 
O, content or saturation in a series of samples drawn 
sequentially from the heart chambers and great ves- 
sels.'' Normal pulmonary venous, left atrial and ven- 
tricular, and systemic arterial blood is highly saturated 
(approximately 95%) in the absence of significant pul- 
monary disease. In contrast, normal systemic venous, 


right atrial and ventricular, and pulmonary arterial 
blood is comparatively desaturated (70% to 80%). In 
most animals, the O; saturation of caudal vena caval 
blood is slightly higher than cranial vena caval blood, 
and mixing begins in the right atrium. Oxygen satura- 
tion is determined in blood samples from the cranial 
and caudal venae cavae, right atrium, right ventricle, 
and pulmonary artery. Because of incomplete mixing 
and the errors inherent in sampling and measurement, 
a difference of up to 3 percent cannot be considered 
significant. Any increase in Os saturation 5 percent or 
greater within the right heart chambers signifies a 
left-to-right shunt proximal to the sampling site. The 
location of the shunt is determined by the position of 
the step-up in saturation, and the magnitude of the 
shunt can be estimated (expressed as the pulmonary/ 
systemic flow ratio Qp/Qs) directly by the size of the 
increase, using the following formula: 


_ SaO, — MVO, 
Qp/Qs = SaO, — PaO, 


where SaO», Pap, and MVO; are the systemic arterial, 
pulmonary artery, and mixed venous (right atrium or 
venae cavae) oxygen contents or saturations, respec- 
tively. In similar fashion, left ventricular, ascending, 
and descending aortic blood oxygen content or satura- 
tion can detect a right-to-left shunt by a fall in satura- 
tion somewhere along the path of the normally highly 
saturated (295%) arterial blood. Because of the re- 
quirement for a 5 percent or greater change in O, 
content or saturation to detect a shunt, this method is 
only effective in detecting shunts of at least 20 percent 
of the systemic (left-to-right) or pulmonary (right-to- 
left) flow. In animals, the method is useful only if the 
patient is breathing room air, a drawback to its routine 
clinical use in anesthetized patients. 


INDICATOR DILUTION 


The principle of indicator (dye) dilution is an adap- 
tation of the Fick principle.'' In this technique, an 
external indicator substance is injected into the flow- 
ing blood upstream, and its concentration is continu- 
ously measured downstream. If the amount of indica- 
tor injected is known and its average concentration as 
it passes the sampling site can be determined, the rate 
of blood flow can be calculated. In equation form the 
relationship is 


Q (flow rate) 


I (quantity of indicator injected) 


C (mean concentration) X t (passage time) 


By injecting the indicator into the systemic venous 
blood (usually the right atrium) and sampling down- 
stream from the heart (usually the pulmonary artery 


- — —— 
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or a peripheral artery), cardiac output can be ob- 
tained. 

A number of different indicators and sampling sys- 
tems have been employed, including photometric de- 
tection of various dyes, electrode detection of hydro- 
gen or concentrated saline, and thermistor detection 
of cold solute. The requirements for a successful indi- 
cator substance are: (1) it should be nontoxic, nonme- 
tabolized, readily injected and completely miscible 
with blood; (2) it should mix completely and uni- 
formly with the blood prior to sampling; (3) it should 
not be added to or subtracted from the blood during 
initial passage between the injection and sampling 
sites; and (4) it must be easily and rapidly detected by 
a downstream detecting device. This usually requires 
at least one mixing chamber (ventricle) between in- 
jection and sampling sites. 

Prior to the 1980s the most commonly employed 
indicator was indocyanine green dye measured by a 
photometric densitometer. Today the most common 
system is thermodilution, which uses cold saline or 
dextrose as the indicator and a thermistor (a material 
whose resistance varies with temperature) as the detec- 
tor. Although the methodology is somewhat different, 
the principles are the same for each system.*"!! 


INDOCYANINE GREEN DYE DILUTION. The injection site 
is usually the vena cava or right atrium. The sampling 
site is usually the aorta or a more peripheral artery. 
The arterial catheter is connected to a densitometric 
cuvette whose filter provides light in the wavelength 
range of the dye’s peak spectral absorption (800 mp). 
This is connected to a constant-rate withdrawal pump. 
The pump is started, and as blood is drawn through 
the cuvette, a baseline (representing the light transmis- 
sion through the blood) is obtained. A known amount 
of freshly prepared green dye is injected as a bolus 
into the venous catheter. After a short delay (the ap- 
pearance time) a curve, representing the reduction in 
light transmission through the blood due to absorption 
by the dye, is inscribed with a typical rapid upstroke to 
a peak (build-up time), exponential downslope, and 
recirculation with gradual return toward the baseline 
(Fig. 9-8). After inscription of the curve, the with- 
drawn blood can be re-infused. The curve is calibrated 
by serially drawing dye samples of known concentra- 
tion through the densitometer cuvette to correlate 
deflection height in millimeters to concentration in 
mg/ml. Today the process of calibration, extrapolation 
of the downslope of the primary curve, and measure- 
ment of the mean concentration (area under the pri- 
mary curve) are performed automatically by a small 
computer. The major drawback of this technique in 
small animals is the necessity of withdrawing significant 
volumes of blood through the densitometer cuvette, 
which is hazardous in very small patients and also may 


Normal indicator dilution curve recorded following injection of 
indocyanine green dye into the right atrium and continuous 
withdrawal of blood from the femoral artery. The deflection height 
represents the concentration of green dye in the blood passing the 
sampling site during the time following injection. The typical curve 
is characterized by a delay prior to the initial appearance of the 
dye (A), a rapid upstroke (U) to a peak concentration (PC), and an 
exponential downslope (D) interrupted by recirculation (R). To 
complete the primary curve, the downslope is extrapolated (E), 
assuming continued exponential disappearance. The area under 
the primary curve is used to compute cardiac output. 
Thermodilution curves appear similar except that the exponential 
downslope continues to the baseline without a recirculation phase. 
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FIGURE 9-8 


significantly alter the hemodynamics that are under 
study. 


THERMODILUTION. This method uses a multilumen 
catheter with three ports connected to a distal end 
hole (positioned in the pulmonary artery), a proximal 
side hole (positioned in the right atrium), and the 
balloon tip, and an electrical connection to a sampling 
thermistor near the tip (also in the pulmonary artery). 
A known volume and temperature of iced saline or 
dextrose (usually 3 to 5 ml) is injected into the right 
atrium through the proximal port and sampled by 
the thermistor in the pulmonary artery. The inscribed 
curve is similar to that for indocyanine green dye (Fig. 
9-8), except that the temperature indicator is rapidly 
lost during peripheral vascular transit, and there is no 
recirculation portion of the curve. The advantages of 
thermodilution include its safety, rapid return to base- 
line, and lack of indicator build-up during the study, 
allowing for rapid repetition of as many injections 
as needed. 

Cardiac output is determined from the inscribed 
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curve as follows: from the formula shown earlier, out- 
put is calculated from the amount of indicator injected 
and the curve area. The denominator is, in fact, the 
integral or area under the primary curve, which is 
found by extrapolating the downslope of the primary 
curve to correct the inscribed curve for recirculation 
of the indicator (Fig. 9-9). This may be performed 
manually, but today most studies use compact cardiac 
output computers that rapidly perform the extrapola- 
tion and integration and compute the cardiac output 
within seconds. The method is useful in animals and 
can be used regardless of the type of anesthesia em- 
ployed. Since blood withdrawal is not required, ther- 
modilution may be adapted and used on very small 
animals with comparative safety. 
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Indicator dilution may also be used to identify intra- 
cardiac and extracardiac shunts in patients with con- 
genital heart disease’! (Fig. 9-9). By selecting appro- 
priate injection and sampling sites, both left-to-right 
and right-to-left shunts may be detected and localized. 
Using an aortic or peripheral arterial sampling site, 
any right heart chamber injection should appear after 
a delay of 3 to 5 seconds. Early appearance of the 
indicator, recorded as a premature rise on the in- 
scribed curve prior to the primary curve, indicates a 
right-to-left shunt distal to the injection site (Fig. 9-9, 
top). The shunt can be localized by recording a series 
of curves during successively more distal injection sites 
(right atrium, right ventricular inflow region, right 
ventricular outflow region, main pulmonary artery, 


FIGURE 9-9 


Abnormal indicator dilution curves. Top: Curves recorded from 
a sampling site in the descending aorta after injection of dye at 
the indicated sites in a dog with a right-to-left shunting 
ventricular septal defect. (A-C) The dye appears prematurely 
(small arrows) prior to the primary curve (P) after right atrium 
(RA) and right ventricle (RV) injection, but not after pulmonary 
artery (PA) injection, localizing the shunt to the ventricular 
level. (D) Dye appears normally and quickly after left ventricle 
(LV) injection. Bottom: Curves recorded from a dog with a [eft-to- 
night shunting ventricular septal defect. (A) After RA injection, 
the dye appears after a normal appearance time, inscribing the 
primary curve. The prolonged, gradual downslope without a 
separate recirculation phase is due to early recirculation of dye 
passing through the shunt and reappearing sooner at the 
arterial sampling site. (B-D) These curves were recorded by 
sampling from the pulmonary artery following injection of dye 
at the indicated sites. Dye appears prematurely in the PA after 
left atrium (LA) and LV injection but not after ascending aorta 
(AA), localizing the shunt to the ventricular level. 
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and distal pulmonary artery) until the dye no longer 
appears prematurely when the injection site is distal to 
the shunt. Detection of left-to-right shunts is more 
problematic using venous injection and aortic sam- 
pling sites. The resulting curve shows a somewhat 
lower peak deflection and a prolonged, gradual disap- 
pearance slope due to early recirculation of dye 
through the shunt (Fig. 9~9, bottom, A). Unfortunately, 
patients with low cardiac output (e.g., heart failure) or 
moderate valvular insufficiency (e.g., mitral regurgita- 
tion) may also have venous dye curves with low peaks 
and prolonged, gradual downslopes. Localization of 
the shunt is also more difficult, requiring sampling in 
a pulmonary artery branch for premature indicator 
appearance after successive injections into the left 
atrium, left ventricle, and aortic root (Fig. 9-9, bottom). 

Both oximetry and indicator dilution are still used in 
human cardiac catheterization laboratories for cardiac 
output determination, and oximetry is still used to 
help quantify shunts. In small animal practice today, 
left-to-right and right-to-left shunts are most often 
identified and localized by Doppler echocardiogra- 
phy and contrast echocardiography, respectively (chap- 
ter 8). 


ANGIOCARDIOGRAPHY 


Angiography of the heart and great vessels has been 
used on literally millions of humans with cardiovascu- 
lar disease over the past 30 to 40 years and is still 
considered to be the gold standard for many cardiac 
diagnoses’ = (although angiography is slowly being 
replaced by echo-Doppler imaging and other imaging 
modalities for many conditions). Compared with the 
paucity of clinical reports of hemodynamic measure- 
ments in dogs and cats, there have been numerous 
reports of angiographic studies in normal experimen- 
tal animals and patients with congenital and acquired 
heart diseases.” Angiocardiography is the most com- 
mon imaging study performed during cardiac cathe- 
terization. It involves the injection of liquid radio- 
graphic contrast material into the blood stream to 
opacify the blood and examine flow dynamics in the 
heart and great vessels. The resulting image is moni- 
tored by fluoroscopy and recorded on videotape, on 
16-mm cine (movie) film, or on a series of small x-ray 
films. Although it is possible to record a few films by 
manual film changing through a homemade tunnel, 
superior quality studies are obtained using a program- 
mable rapid film changer that can record 1 to 6 films 
per second. Contrast injections may be performed by 
hand (especially in very small animals) or using an 
automated power injector whose pressure and/or in- 
jection rate can be programmed. 


CONTRAST AGENTS. All the available injectable radio- 
graphic contrast agents used for angiography contain 
iodine as the x-ray absorbing element, and they are 
divided into ionic agents and non-ionic agents, based on 
their behavior in solution.*’® * °° The older ionic 
agents (e.g., Renografin, Hypaque, and Angiovist) of- 
ten use diatrizoate as the anionic iodine carrier and 
couple this with cationic sodium and meglumine. The 
newer non-ionic agents (e.g., Omnipaque, Isovue, Opt- 
iray) do not ionize in solution and provide a higher 
concentration of iodine per volume and a lower osmo- 
lality than the ionic agents. However, they are also 
significantly more costly than the ionic products. All 
agents provide good to excellent cardiovascular con- 
trast in the heart and blood vessels. 

Adverse effects of intravascular contrast include vaso- 
dilation (hypotension), arrhythmias, increased throm- 
bosis, and nephrotoxicity; most appear to be directly 
correlated with the contrast agent’s osmolality.” The 
principal advantage of the non-ionic agents lies in 
their lower osmolality and reduced side effects. Despite 
this advantage, the ionic agents have a good safety 
record and are still used in many patients with stable 
heart disease. The non-ionic agents should be consid- 
ered for use in higher-risk patients (myocardial failure, 
pulmonary hypertension, unstable hemodynamics) 
and in any patient that experiences a severe adverse 
reaction to an ionic agent. 


CARDIAC ANGIOGRAMS 


NONSELECTIVE ANGIOGRAPHY 


This is performed by peripheral venous injection of 
contrast, which then successively opacifies the vena 
cava, right atrium, right ventricle, pulmonary arteries 
and veins, left atrium, left ventricle, and aorta. The 
technique is simpler than selective injections, requir- 
ing only a peripheral venous catheter.” %6. °° *° It was 
used extensively in the 1970s to differentiate the major 
types of feline myocardial diseases.”* ** °° The main 
disadvantages are 


(1) overlap of opacified structures often makes exami- 
nation of individual structures difficult, and 

(2) the contrast is diluted as it progresses through the 
circulation, resulting in poorer opacification of the 
left side of the heart in some cases, especially when 
circulation time is prolonged. 


SELECTIVE ANGIOGRAPHY 


This implies contrast injection at specific sites de- 
signed to optimize the opacification of specific struc- 
tures or to demonstrate flow abnormalities. Examples 
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FIGURE 9-10 


Angiocardiography in the normal dog. (A) Right ventricular 
injection outlines the right ventricle (RV), main pulmonary artery 
(PA), and its branches. (B) Left-sided heart phase of the RV 
injection shown in (A) outlines the left atrium (LA), left ventricle 
(LV), ascending aorta (AA), and descending aorta (DA). (C) Left 
ventricular injection outlines the LV and aorta and its cranial 
branches. 


of normal right- and left-sided heart angiograms are 
illustrated in Figures 9-10, 9-11; Figures 24-3, 24-4, 
24-8, 24-10, 24-22, 24-32, 24-34, 24-41, 24-50, 24-53, 
and 24-59. 

Choice of selective injection site(s) in any patient 
should be based on what specific anatomic or flow 
abnormality one is attempting to demonstrate, on the 
patient’s overall condition and estimated risk of cathe- 
terization and angiography, and by figuring which in- 
jection site(s) and view(s) will provide the greatest 
diagnostic information in the least amount of time. 
The following principles apply to injection site selec- 
tion in animals with cardiac disease: 


1. To demonstrate valvular regurgitation, the injection 
should be made in the downstream chamber or vessel 
adjacent to the affected valve; 

2. To demonstrate an obstructive/stenotic lesion, the 
injection should be made in the upstream chamber or 
vessel adjacent to the obstructed area; 

3. To demonstrate a shunting lesion, the injection 
should be made in the upstream chamber or vessel 
adjacent to the defect; 

4. Contrast outlining of abnormalities may be satisfac- 
tory using nonselective angiography, but optimum 
opacification generally requires injection as close to 
the abnormality as possible. 


To illustrate these points, examples of selective angio- 
grams of various congenital heart defects are shown in 
Figure 9-12. 

Although catheterization and angiography have 
most often been applied to the diagnosis of congenital 
heart disease in animals, angiography has also been 
used to help diagnose and evaluate many other condi- 
tions, including left ventricular volume overload;*!** 


FIGURE 9-11 


Angiocardiography in a normal cat. (A) Right ventricular injection 
outlines the right ventricle (RV) and pulmonary artery (PA). (B) 
Left-sided heart phase of the RV injection shown in (A) outlines 
the left atrium (LA) and associated pulmonary veins, left ventricle 
(LV), ascending aorta (AA), and descending aorta (DA). 
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FIGURE 9-12 


Examples of angiocardiographic abnormalities (compare with normal studies shown in Figures 9-10 
and 9-11). (A) LV injection: Patent ductus arteriosus (PDA) in a cat. The PDA (arrow) connects the 
descending aorta to the pulmonary artery, allowing a left-to-right shunt and opacification of the 
pulmonary artery in addition to the left-sided heart. (B) LV injection: Small ventricular septal defect 
(VSD) in a dog. The VSD (arrow), which is just below the aortic valve, shunts contrast into the RV 
outflow region and causes variable distortion of the root of the aorta. The left ventricle is mildly 
dilated and there is mild mitral regurgitation, which partially opacifies the left atrium. (C) LV 
injection: Congenital mitral valve dysplasia in a dog. In addition to outlining the LV and aorta, there 
is dilatation and marked opacification of the left atrium due to severe mitral regurgitation. (D) LV 
injection: Congenital subaortic stenosis in a dog. The obstruction (arrow) is located just below the 
aortic valve, and there is mild poststenotic dilatation of the ascending aorta. Mild mitral 
regurgitation is partially opacifying the left atrium. (E) RV injection: Congenital pulmonic stenosis in 
a dog. The obstruction (arrow) is located just below the pulmonic valve, whose leaflets are barely 
visible above the stenosis. The RV is thickened, and there is poststenotic dilatation of the main 
pulmonary artery. (F) RV injection: Tetralogy of Fallot in a dog. The RV is thickened and both the 
aorta and pulmonary artery are simultaneously opacified, indicating a right-to-left shunt at the 
ventricular level. The LV is not distinguishable, but the aortic root is wide and appears displaced 
somewhat ventrally in this view. Although pulmonic stenosis is not visible on this frame, there is 
slight poststenotic dilatation of the main pulmonary artery. There is an incidental finding of a very 
small patent ductus arteriosus (arrow). AA, ascending aorta; D, patent ductus arteriosus; DA, 
descending aorta; LA, left atrium; LV, left ventricle; PA, pulmonary artery; RA, right atrium; RV, 
right ventricle. 
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heartworm disease?! and other types of pulmonary 
thromboembolism;*” heart base tumors;** intracardiac 
tumors; and a variety of extracardiac vascular abnor- 
malities,“ 


ELECTROPHYSIOLOGIC TECHNIQUES 


Direct recording of cardiac electrical signals is well 
established, but the use of multielectrode catheters to 
record intracardiac electrograms and also attempt to 
ablate a region of electrical instability is quite new. By 
mapping multiple electrograms in a heart chamber, 
the point of origin of an arrhythmia may be identified 
and, in some cases, ablated using electrical, laser, or 
heat energy at the catheter tip. Currently, very few 
clinical electrophysiologic studies of this type have 
been reported in animals.“ 


INTERVENTIONAL TECHNIQUES 


Diagnostic cardiac catheterization techniques have 
been clinically used in humans since the early 1950s 
and in animals since the early 1960s. Starting in 
the early 1980s, interventional techniques have been 
increasingly used along with conventional methods in 
human and animal catheterization laboratories to at- 
tempt to treat certain disorders.®™ The most common 
of these techniques are balloon dilation angioplasty or 
valvuloplasty, transcatheter coil occlusion of persis- 
tently patent ductus arteriosus, and catheter ablation 
of arrhythmogenic endomyocardial regions (described 
earlier). These procedures provide significant cost sav- 
ings over some surgical interventions, and advance- 
ments in device technology and delivery methodolo- 
gies should make these techniques more attractive in 
the future. 


BALLOON DILATION (VALVULOPLASTY) 


The technique of balloon dilation has been applied 
to a variety of obstructive lesions in humans, especially 
adults with coronary obstructions and children with 
congenital cardiac or vascular obstructions.* ° In ani- 
mals, it has been used primarily as a treatment for 
canine congenital cardiac obstructions, especially pul- 
monic stenosis, with encouraging results.** * It has 
also been employed to attempt to dilate congenital 
subaortic stenosis in dogs, but the results have been 
discouraging.’ 

Balloon valvuloplasty of congenital valvular pul- 
monic stenosis is accomplished by advancing an end- 
hole catheter from the jugular vein or femoral vein 
through the right ventricle and past the obstruction 


into the pulmonary artery. A sturdy, J-tipped guidewire 
is passed through this catheter and out into the lung; 
the catheter is then removed, leaving the wire in place. 
The balloon dilation catheter is then inserted over the 
guidewire and carefully directed through the heart 
until the balloon is positioned across the obstruction. 
The dilating balloon is then inflated one to three times 
with a 5:1 solution of saline or dextrose and contrast 
(see Fig. 24-23). The procedure is monitored through- 
out by fluoroscopy and ECG. Results to date have 
indicated moderate success in reducing severe pul- 
monic stenosis into the mild to moderate range. With 
valvular stenosis, severe complications have been un- 
common. However, extreme caution is advised in at- 
tempting to dilate dogs with subvalvular pulmonic ste- 
nosis caused by an aberrant left coronary artery 
arising from the right coronary (see Fig. 24-3). 
Balloon dilation has caused fatalities due to coro- 
nary artery rupture in such animals,” and in these 
cases, surgical alternative treatments should proba- 
bly be investigated. 


TRANSCATHETER COIL OCCLUSION 


Procedures for transcatheter coil occlusion, used 
most commonly to close patent ductus arteriosus, are 
gaining increasing popularity over standard surgical 
ligation.” Several techniques have been advocated 
for inserting spring-loaded Gianturco coils into the 
patent ductus under fluoroscopic guidance (see Fig. 
24—46). An initial popular method directs a delivery 
catheter (containing a coil loaded into its distal end) 
through the femoral artery up the descending aorta, 
and crosses the patent ductus from the aortic side. 
The coil is then extruded with the aim of placing 
the initial loop on the pulmonary arterial end, thus 
anchoring the remaining loops, which are deployed 
on the ductal ampula. A modification of this technique 
using a preformed nitinol snare to provide controlled 
coil delivery and prevent coil embolization involves 
passing a snare catheter through femoral venous access 
into the right side of the heart and into the pulmonary 
artery side of the ductus; “grabbing” the initial ex- 
truded loop from the delivery catheter as previously 
described; and assuring optimal coil positioning prior 
to withdrawing the catheters.” These techniques 
should improve as enhancements in manufactured de- 
vices become available. 
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Nuclear Imaging, 
Computed 
Tomography, 

and Magnetic 
Resonance Imaging 
of the Heart 


GREGORY B. DANIEL 
JANICE M. BRIGHT 


SPECIALIZED IMAGING TECHNIQUES 


Nuclear scintigraphy, computed tomography (CT), and magnetic reso- 
nance imaging (MRI) are specialized imaging techniques that may be useful 
to evaluate certain cardiovascular disorders. Currently, they are available 
only at large referral institutions because of their expense and required 
technical expertise. Familiarity with their potential application and utility 
will help identify cases that would benefit from their use. 

Nuclear scintigraphy is particularly suited to detecting and quantifying 
intracardiac or vascular shunts; evaluating ventricular function; mapping 
myocardial perfusion; and evaluating obstructions to systemic and pulmo- 
nary blood flow. Computed tomography and MRI have several important 
advantages over echocardiographic imaging through superior imaging of 
the great vessels, pericardium, and mediastinum. Thus, CT and MRI are 
particularly helpful for evaluating intrathoracic and cardiac masses, diseases 
of the pericardium, and complex congenital heart defects. 


NUCLEAR CARDIOLOGY 


Applications of nuclear cardiology have been growing in clinical practice 
and research.' They are relatively quick to conduct, require only intravenous 
injections of a gamma ray—emitting radiopharmaceutical, and do not require 
anesthesia. Most cardiac studies are performed using a gamma camera 
interfaced with a dedicated imaging computer. The gamma camera consists 
of a collimator that filters the gamma rays emitted from the patient; a large 
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sodium iodide crystal that converts the gamma rays 
into light; and an array of photomultiplier tubes that 
translate tiny bursts of light into voltage signals. The 
computer acquires, processes, and stores the imaging 
data so that they can be subsequently mapped on a 
display monitor. 


EVALUATION OF CARDIAC SHUNTS 


The direction and magnitude of congenital cardiac 
shunts are easily determined using first-pass radionu- 
clide angiocardiography (FPRA), which records the 
passage of a radioactive bolus through the central cir- 
culation as a series of sequential images.'* ? Any radio- 
pharmaceutical that freely passes through the pulmo- 
nary capillary beds can be used for shunt analysis, but 
pertechnetate (*™TcO,~) is the most commonly used 
agent. A small volume (0.5 to 1.0 ml) is injected rapidly 
to ensure delivery of a concentrated bolus of activity 
and ensure that the cardiac chambers are temporally 
resolved. The animal is positioned in lateral recum- 
bency over the gamma camera, and a dynamic acquisi- 
tion (i.e., a series of sequential images obtained by the 
computer), with a frame rate of 2 to 4 frames per 
second for 30 to 40 seconds, is initiated upon injection 
of the radiopharmaceutical. 

A normal FPRA is characterized by passage of the 
radiopharmaceutical sequentially through the cranial 
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First-pass radionuclide angiocardiogram in a normal dog, recorded 
at 2 frames/sec. Dorsal is at the top of the image. The dog’s head 
is to the left. Initial image (top left) shows the majority of the 
radioactive bolus in the cranial vena cava following a cephalic vein 
injection. The right ventricle (RV), lung (L), left ventricle (LV) and 
abdominal aorta (AO) appear in normal sequence. 


FIGURE 10-2 


First-pass radionuclide angiocardiogram of a dog with a ventricular 
septal defect (VSD). The animal’s orientation and the image frame 
rate are the same as in Figure 10-1. Pulmonary activity is 
prolonged due to recirculation of blood. Note the reappearance of 
the right ventricle (RV) during the levophase. LV, left ventricle. 


vena caya, right atrium, right ventricle, pulmonary ar- 
teries, lung, pulmonary veins, left atrium, left ventricle, 
and finally the aorta (Fig. 10-1).'*? 


LEFT-TO-RIGHT SHUNTS 


Analysis of the FPRA begins with visual inspection of 
the sequential images displayed on the computer 
screen in cinematic motion. Left-to-right shunts are 
characterized by prolonged retention of radioactivity 
in the lung due to immediate recirculation of blood 
through the pulmonary vasculature. The anatomic lo- 
cation of the shunt cannot always be determined by 
FPRA. Occasionally, a ventricular septal defect is identi- 
fiable as the radioactive bolus passes from the left 
ventricle directly into the right ventricle during the 
levophase (Fig. 10-2).'* The method is useful for de- 
termining shunt size when surgery is contemplated. 

In the normal animal, activity in the lung peaks then 
rapidly decreases to a low level as the pertechnetate 
bolus passes through the pulmonary vasculature. Re- 
sidual activity in the lung following initial passage of 
bolus represents systemic arterial blood supply to the 
lung as well as superimposed thoracic wall activity.'* °+ 

In animals with a left-to-right shunt, the pulmonary 
time activity curve evidences a second peak and a 
substantially delayed washout phase as the pertechne- 
tate bolus continuously recirculates through the 
shunting defect (Fig. 10-3). Because the area under 
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FIGURE 10-3 


Evaluation of the magnitude of a left-to-right shunt in an animal 


with a ventricular septal defect (VSD) obtained from a first-pass 
radionuclide angiocardiogram. First, a composite image of the 
thorax is made by summing the image frames. Next, a region of 
interest (ROI) is drawn over the dorsal caudal lung fields, carefully 
excluding areas over the heart and aorta. The amount of 
radioactivity (counts) in this ROI is then plotted as a function of 
time to generate a time activity curve. The lung time activity curve 
(A;) represents a gamma variate fit to the lung peak of the time 
activity curve. The second curve (A2), representing the gamma 
variate fit of the recirculation peak, is displayed to the right. C1 
represents the point of maximum counts and C2 represents counts 
at the time of 2 X Tma. The QP/QS ratio was 2.25 and the C2:Cl 
ratio was 0.66; both indicate a left-to-right shunt. 


the peak of the time activity curve is proportional to 
blood volume, calculation of the areas under the initial 
lung peak (A,) and the recirculation peak (Ay) pro- 
vides an assessment of the magnitude of the shunt.'* * 
56 The pulmonary to systemic flow ratio, QP/QS, is 
calculated by the equation: 


QP/QS = A/A; — As, 


where A, = area under the first lung peak and A, = 
area under the second or recirculation peak. 

Normal animals should have a pulmonary to sys- 
temic flow ratio of 1 to 1.2. A QP/QS greater than 1.2 
indicates a left-to-right shunt.” ê 

An alternative method of analysis requires measure- 
ment of lung counts at specific time intervals during 
the peak and washout FPRA periods. First, the time 
interval from initial appearance of the bolus to the 
time of peak lung activity is recorded (Tmax). Then, 
lung counts at the time of peak activity (C1) and at 
the time of 2. X Tmas (C2) are determined. The ratio 
(C2 to Cl) provides an estimate of shunt size. * The 
normal C2 to Cl ratio is 0.30 to 0.50.5 Values above 
this range are seen with left-to-right shunts (Fig. 10-3). 


RIGHT-TO-LEFT SHUNTS 


Right-to-left shunts are characterized in FPRA stud- 
ies by the simultaneous appearance of activity in the 
pulmonary artery and aorta (Fig. 10-4). Shunted ra- 
dioactive blood appears early in the systemic circula- 
tion because it bypasses the pulmonary circulation. In 
patients with small shunts, the thoracic aorta may be 
obscured by the relatively high activity in the lungs. 
For this reason, it is important to include the abdomi- 
nal aorta and right kidney in the field of view to view 
the early appearance of the radiopharmaceutical in 
these locations. 

A simple and elegant way to diagnose and quantify 
a right-to-left shunt is by intravenous injection of °™Tc- 
macroaggregated albumin (°"Tc-MAA).? Because of its 
large particle size (10 to 90 microns), ®™Tc-MAA is 
trapped in the capillaries. In normal animals, virtually 
all the *™Tc-MAA localizes in the lung in a pattern 
reflective of pulmonary blood flow. In animals with 
right-to-left shunts, some of the activity bypasses the 
lung and goes directly into the systemic circulation, 
resulting in excessive extrapulmonary activity (Fig. 10- 
5).7 The percentage of shunted blood is calculated 
from the following formula:* * 


%Shunt = Extrapulmonary Activity / 
Extrapulmonary + Pulmonary Activity 


EVALUATION OF VENTRICULAR 
FUNCTION 


Ventricular function can be assessed by first-pass ra- 
dionuclide angiocardiography (FPRA) or gated equi- 
librium radionuclide angiocardiography (ERNA).' 
First-pass studies have the advantage of displaying im- 
ages of the right and left sides of the heart indepen- 
dently because the radiopharmaceutical agent passes 
through the cardiac chambers at different times.’ ° 
This technique is particularly well suited for right ven- 
tricular evaluation, which is otherwise difficult to iso- 
late. The disadvantage of FPRA is that only 4 to 6 
cardiac cycles can be evaluated as the bolus quickly 
passes through the ventricles. In contrast, ERNA stud- 
ies record data from several hundreds of cardiac cycles, 
thereby providing a more useful assessment of average 
cardiac function. Unfortunately, the accuracy of ERNA 
studies is limited in dogs and cats by unavoidable 
overlap of the left and right ventricles, so that the 
functional indices derived are not purely from an iso- 
lated ventricle.'® '' Nonetheless, gated ERNA is the 
preferred method of evaluating left ventricular func- 
tion in humans® '? and dogs.'® 1! 13-18 


EQUILIBRIUM RADIONUCLIDE 
ANGIOCARDIOGRAPHY 


Gated ERNA studies are obtained following intrave- 
nous injection of a blood pool agent, such as *™Tc- 
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labeled red blood cells (°"Tc-RBC) or %™Tc-labeled 
human serum albumin (°™Tc-HSA).’ After equilibra- 
tion with the blood pool, the activity in a given quantity 
of blood is directly related to its volume (Fig. 10-6). 
The computer synchronizes image acquisition with an 
electrical signal (the R wave) from the electrocardio- 
gram so that a series of images representing various 
stages of the cardiac cycle may be obtained at specific 
time intervals.'® *° For adequate temporal resolution, 
at least 16 imaging frames per cardiac cycle are 
needed. In cats and small dogs, a pin-hole collimator 
is required to resolve the chambers of the heart ade- 
quately. Images from multiple sequential cardiac cycles 
are combined to form the final image set, which is 
temporarily and spatially smoothed and from which 
unwanted background activity is subtracted.* °} ?? Be- 
cause changes in activity in the ventricle during the 
cardiac cycle represent volume changes, a number of 
functional indices may be derived from the ventricular 
time activity (volume) curve, including ejection frac- 
tion, filling times, peak filling rates, and time and rate 
of ventricular ejection (Table 10-1) .° 1% 2 
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FIGURE 10-4 


First-pass radionuclide angiocardiogram in an animal with 
tetralogy of Fallot. Note the simultaneous visualization of the 
aorta and main pulmonary artery during the dextrophase (curved 
arrow), indicative of a right-to-left shunt. 


Ejection fraction (EF) is the most commonly used 
index of systolic function obtained from the radionu- 
clide ventriculogram.* '* ?3 It is the percentage of the 
ventricular end-diastolic volume that is ejected during 
cardiac contraction and is determined from the maxi- 
mum (end-diastolic) and minimum (end-systolic) ven- 
tricular counts. The EF is calculated using the follow- 
ing formula: 


EF = End-diastolic counts — end-systolic counts 
Se SOE COUS — ERE SONS COURS 5g 100 


End-diastolic counts — background activity 


Ejection fraction has been shown to be an important 
predictor of mortality in humans and dogs with con- 
gestive heart failure.***° Although EF is the most widely 
reported index of ventricular systolic function, this 
index is influenced by changes in preload and 
afterload.*° Gated ERNA studies of dogs with early, 
compensated mitral valvular insufficiency show an en- 
larged left atrium, increased end-diastolic volume, nor- 
mal or small end-systolic left ventricular (LV) volume, 
and an increased ejection fraction (Fig. 10-7). After 
chronic volume overload, myocardial function de- 


FIGURE 10-5 


Dorsal and lateral images of an 
animal following injection of 
*™Tc-MAA. Note the pulmonary 
and extrapulmonary activity 
indicating the presence of a 
right-to-left shunt. The brain 
(open arrow) and kidneys (small 
arrows) have a large portion of 
the extrapulmonary activity. The 
focal accumulation in the left 
arm represents the injection site. 
L, pulmonary circulation. 
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FIGURE 10-6 


Multigated analysis of an equilibrium radionuclide ventriculogram 
from a normal dog. The images have been smoothed, and 
background activity is removed from the area of the heart (square 
box). Note the separation of the left and right ventricles. A region 
of interest is fitted to each ventricle, and the activity therein is 
determined for each frame. Also note the change in size of the 
ventricles at end-systole (ES) and end-diastole (ED). 


clines, resulting in increased end-diastolic and end- 
systolic LV volumes, and a normal or reduced EF. 
Ejection of blood into the low-pressure left atrium 
invalidates the ejection fraction as a reliable indicator 
of myocardial function in dogs with mitral regurgita- 
tion. In this circumstance, end-systolic volume may be 
a more accurate indicator of myocardial function. 
Gated ERNA studies with dilated cardiomyopathy and 
doxorubicin-induced cardiac toxicity show LV dilation, 
diffuse wall motion abnormalities, and a diminished 
ejection fraction (Fig. 10-8). In such patients, EF pro- 
vides a reliable measurement of the severity of myocar- 
dial dysfunction. 

Gated ERNA studies are more sensitive than thoracic 
radiographs for staging the progression of cardiac dis- 
ease, monitoring response to therapy, or offering a 
prognosis. Gated ERNA studies can be repeated several 
hours following a single injection of the radiopharma- 
ceutical, allowing evaluation of the heart in a resting 
state and after exercise.* '* 14 17 Pharmaceutical chal- 
lenge with dopamine has been used as an alternative 
to exercise.'*'” 1831 The ability of the heart to respond 
to such challenges provides a particularly sensitive in- 
dex of cardiac dysfunction.® '” '* Regional wall motion 


may also be evaluated from ERNA studies by viewing 
the radionuclide ventriculogram in rapid sequence. 

Other useful indices of ventricular function ob- 
tained by ERNA include the rates of ventricular ejec- 
tion and filling (see Table 10-1). These indices are 
derived by obtaining the first derivative with respect to 
time of the ventricular volume curve. The rate of 
ventricular ejection reflects the ability of the myocar- 
dium to generate force. The ejection rate may be 
more sensitive than the ejection fraction for detecting 
inotropic changes in humans.'* °° 

Gated ERNA offers a noninvasive means of measur- 
ing ventricular diastolic function (filling), which is al- 
tered in many cardiac diseases, especially those charac- 
terized by myocardial compliance failure such as 
myocardial ischemia, restrictive myocardial diseases, 
and hypertrophic cardiomyopathy. In many other dis- 
eases, diastolic dysfunction precedes or accompanies 
systolic dysfunction.*** Fast heart rates and small car- 
diac volumes hamper the determination of ERNA dia- 
stolic indices in cats. Sinus arrhythmia also complicates 
the determination of diastolic function by traditional 
ERNA studies, causing spuriously low counts at the 
end of the volume curve. This can be minimized by 
rejecting data from heart beats outside a predefined 
R-R interval. When the heart rate is irregular, evalua- 
tion of diastolic filling on ERNA studies is facilitated 
by computers that acquire and store data in list mode. 
This method stores each scintillation count separately 
in a serial manner as opposed to traditional frame 
mode acquisition. It permits reconfiguration of cardiac 
images using forward and backward gating, facilitates 
frame alignment at the beginning and end of the 
cardiac cycle, and removes count drop-off resulting 
from sinus arrhythmia. Accurate assessment of diastolic 
function is improved. 

Accurate assessment of RV function is difficult from 


TABLE 10-1 
Functional Indices Derived from Gated Equilibrium 
Radionuclide Studies in Normal Dogs 


Left Ventricle Right Ventricle 

Parameter (Mean) (SD) (Mean) (SD) 

Ejection fraction 57 18 34 11 
(%) 

Emptying ratemax 3.86 1.24 2.72 0.91 
(EDV/sec) 

Emptying rate... 3.04 0.99 2.02 0.67 
(EDV/sec) 

Filling rate max 4.25 1.44 2.28 0.70 
(EDV/sec) 

Filling rateg 3.41 1.21 1.96 0.58 
(EDV/sec) 

Time to peak 122.72 12.91 123.49 19.87 
emptying (msec) 

Time to peak filling 90.07 8.09 91.85 11.44 


(msec) 


EDV, end-diastolic volume. 
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Multigated analysis of an equilibrium radionuclide ventriculogram from a dog with compensated 
mitral insufficiency. Note the large left atrium (arrow) on the image set on the left. The ventricular 
volume curve on the right shows the hyperkinetic left ventricle. The ejection fraction was 78% and 
the maximum and average left ventricular ejection rates were 6.10 end-diastolic volume (EDV)/sec 
and 5.32 EDV/sec, respectively. The maximum and average left ventricular filling rates were 7.42 
EDV/sec and 6.22 EDV/sec, respectively. The times to peak ejection and peak filling were 78.32 


msec and 63.42 msec, respectively. 


equilibrium blood pool studies.* * The RV overlaps 
the LV, making it hard to isolate these chambers. Also, 
it is difficult to isolate the RV from the RA. Despite 
this limitation, a good correlation between right ven- 
tricular ERNA indices and hemodynamic measure- 
ments has been demonstrated in dogs, suggesting that 
these indices may be a useful noninvasive method of 
predicting changes in pulmonary artery pressure.'* 
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FIGURE 10-8 


FIRST-PASS RADIONUCLIDE 
ANGIOCARDIOGRAPHY 


Left and right ventricular ejection fractions can be 
quickly obtained from FPRA studies. The volume of 
the injected dose must be small (0.5 ml) and injected 
rapidly to ensure delivery of a tight bolus of activity. 
The animal is positioned in lateral recumbency over 
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Multigated analysis of an equilibrium radionuclide ventriculogram from a dog with dilated 
cardiomyopathy. Note the large left ventricle (straight arrow) and atrium (curved arrow) on the image 
set on the left. The ventricular volume curve oni the right shows very poor contractility. The ejection 
fraction was 17% and the maximum and average left ventricular ejection rates were 1.34 end- 
diastolic volume (EDV) /sec and 0.84 EDV/sec, respectively. The maximum and average left 
ventricular filling rates were 0.55 EDV/sec and 0.44 EDV/sec, respectively. The times to peak 
ejection and peak filling were 135.99 msec and 126.24 msec, respectively. 
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the gamma camera, and a dynamic acquisition, with a 
frame rate of 25 to 50 frames per second for 30 sec- 
onds, is initiated upon injection of the radiopharma- 
ceutical. Regions of interest are drawn over the RV 
and LV, and time activity curves are generated from 
the dynamic acquisition. As the bolus traverses the 
ventricles, several peaks and valleys representing the 
diastolic and systolic phases of the cardiac cycle are 
identified. Three to six cardiac cycles are combined to 
create a composite volume curve from which indices 
of ventricular function are derived. As with the ERNA 
studies, subtraction of background activity is necessary. 
Right-sided heart function is commonly assessed by 
FPRA in humans, but this technique has not been 
critically evaluated in dogs or cats. 


EVALUATION OF MYOCARDIAL 
PERFUSION, ISCHEMIA, AND 
INFARCTION 


Myocardial perfusion imaging is rarely performed 
in veterinary medicine owing to the low incidence 
of atherosclerotic coronary artery disease. However, it 
might be relevant in canine subvalvular aortic stenosis 
and feline myocardial diseases, in which coronary ar- 
tery lesions and myocardial fibrosis are common. A 
variety of radiopharmaceuticals are available to evalu- 
ate myocardial perfusion. Thallium-201 has gained 
widespread acceptance as a myocardial perfusion im- 
aging agent.’ The biologic properties of *°'TI are simi- 
lar to those of potassium. Initial myocardial uptake of 
IT] is proportional to myocardial blood flow, and 
approximately 85 percent of the injected **'TT is re- 
moved by the myocardium in a single pass. Within 
several hours, *°'TI redistributes in the heart to reflect 
the distribution of the potassium pool. Myocardial de- 
fects (cold spots) suggest the presence of a fixed ab- 
normality, such as a permanent scar. Defects observed 
on the initial *'TI scan but which demonstrate im- 
proved uptake on the delayed scan generally indicate 
myocardial ischemia. Cardiac perfusion images can be 
made with a conventional gamma camera, but a single 
photon emission computed tomography (SPECT) cam- 
era is preferred. Tomographic transaxial plane images 
allow circumferential evaluation of the ventricular wall, 
improving detection and localization of perfusion de- 
fects. 

Two *™Tc-labeled agents, sestamibi and teboroxime, 
were recently introduced as alternatives to *°'TI.** 37 
*™Tc has superior physical characteristics, resulting in 
improved image quality in comparison with *°'TI.' Like 
%ıT], 9™mTc-sestamibi and *"Tc-teboroxime are taken 
up by the myocardium in proportion to blood flow. 
Unlike ?°'TI, °"Tc-sestamibi is not redistributed within 


the myocardium, and its peak extraction is less than 
that of *°'TI.°° °° °™Tc-teboroxime is more efficiently 
extracted by the myocardium than the other agents, 
and it has a very rapid washout period. 


COMPUTED TOMOGRAPHY OF 
THE HEART 


Computed tomography (CT) is an x-ray technique 
that displays cross-section images of the body (Fig. 
10-9). The usual imaging plane is perpendicular to 
the long axis of the body (transaxial plane) as the x- 
ray tube rotates around the patient during the expo- 
sure. The relative intensity of the x-ray beam, as it 
emerges from the patient, is recorded by an array of 
x-ray detectors. A computer is used to reconstruct a 
cross-section image from the detector data.” * The 
CT scanner acquires one image at a time then moves 
the patient to the next imaging plane. The thickness 
of each image slice is typically 2 to 10 mm. Because 
the animal must remain motionless during the entire 
scan, general anesthesia is required. Intravenous con- 
trast infusion is necessary to identify vessels and the 
margins of the cardiac chambers. 

The most relevant limitation of CT scanning is the 
relatively long acquisition time required for each im- 
age slice. Motion results in serious image degrada- 
tion.® Cardiac imaging is not feasible in older scanners 
with long scan times (10 seconds or greater).** Even 
new scanners (third and fourth generation) with scan 
times of 1 to 5 seconds will have some motion artifact. 


FIGURE 10-9 


Contrast-enhanced computed tomograph of a 12-year-old dog. A 
large mass (M) is evident overlying the cranial heart base. It was 
surgically reduced and treated with radiation therapy. Histologic 
evaluation was chemodectoma. (Courtesy of Dr. Ann Hohenhaus.) 
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Crude cardiac studies may be accomplished using a 
CT scanner with 1- to 2-second scan times and dynamic 
scanning capability.** A dynamic scan is a series of 
sequential l- to 2-second scans with little or no delay 
between images. Scans may be obtained without table 
(patient) advancement to produce a single-level dy- 
namic study. Alternatively, dynamic scanning can be 
performed with table movement between scans to ob- 
tain a multilevel dynamic scan. Experimental canine 
studies showed good correlation of septal wall thick- 
ness measurements obtained from dynamic CT images 
with necropsy measurements.** Eliminating the prob- 
lem of physiologic heart motion requires ECG-gated 
acquisitions or CT scanners capable of millisecond 
scan times.*? Gating the acquisition to the patient’s 
ECG provides stop action images of the heart, but 
this option is not available with most commercial CT 
scanners.* ** 4° High-speed CT scanners capable of 50- 
msec scan times (Cine CT) have limited availability.** 47 


MAGNETIC RESONANCE 
IMAGING OF 
THE HEART 


MRI is a safe and noninvasive imaging technique 
that does not require contrast media injection or ioniz- 
ing radiation.“ Images are created from radio fre- 
quency signals generated from the patient’s hydrogen 
protons. The anesthetized patient is placed within a 
strong magnetic field and the hydrogen protons are 
intermittently excited by a radio frequency signal. A 
computer constructs an image based on the signals 
emitted when the hydrogen protons relax. Acquisition 
time varies with the sequence of radio frequency pulses 
and the number of the tomographic images. 

MRI has excellent contrast resolution. The cardiac 
chambers and great vessels are easily visualized because 
rapidly flowing blood is void of signal (appearing 
black) on conventional T, spin-echo sequences.** As 
in CT imaging, physiologic cardiac motion must be 
compensated for by ECG gating. However, software 
for gating MRI acquisition is available on many new 
commercial scanners.” °! Gated MRI studies define 
cardiac chamber morphology with the precision of 
angiocardiography and echocardiography.*?** Unlike 
CT scans, MRI can create cross-sectional images of the 
heart in any anatomic plane (Fig. 10-10), facilitating 
study interpretation and calculation of chamber vol- 
ume, myocardial mass, and a variety of functional indi- 
ces. The pericardium, cardiac tumors, and intracardiac 
thrombi may be more easily seen by MRI than by 
echocardiography. The ability of MRI to provide func- 
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FIGURE 10-10 


Magnetic resonance images depicting long axis (A-D) and short 
axis (E-H) views from a dog with experimental mitral 
regurgitation induced by cutting several chordae tendineae. A 
1.5-T whole body imaging system (Philips Gyroscan, Shelton, CT) 
utilizing a gradient echo pulse sequence was used. Images were 
obtained for 16 to 20 phases of the cardiac cycle and averaged 
over the respiratory cycle during a 15-minute period. During the 
preoperative stage (A, B, E, F), the cardiac chambers are normal. 
Four months postoperative (C, D, G, H), there is substantial 
dilation of the left atrium (C, D) and left ventricle (C, D, G). 
Notice the severe mitral regurgitation outlined by arrows (D). Ao, 
ascending aorta; LA, left atrium; LV, left ventricle; RV, right 
ventricle. (Modified from Dell’Italia L, Meng QC, Balcelis E, et al. 
Increased ACE and chymase-like activity in cardiac tissue of dogs 
with chronic mitral regurgitation. Am J Physiol 269 [Heart Circ 
Physiol 38]: H2065-2073, 1995.) 


tional assessment of cardiac chambers and image 
blood flow makes it excellent for evaluating congenital 
and acquired heart diseases.**° 

New cardiac MRI applications include real-time ac- 
quisitions of cardiac structure (Cine MRI) and evalua- 
tion of myocardial perfusion using contrast agents.°”™ 
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Pathophysiology of 
the Failing Heart 


ROBERT L. HAMLIN 


DEFINITIONS OF HEART FAILURE 


Heart failure or congestive heart failure is a clinical syndrome—not a 
disease. It results from a pathophysiologic interaction among the heart and 
neuroendocrine and vascular systems. When the heart cannot deliver blood 
to meet tissue metabolic needs, or does so at elevated filling pressures, 
impaired organ function, reduced quality and duration of life, and death 
may result.':? 

Heart failure refers to a heart that pumps an inadequate volume of blood 
or the blood which is pumped is maldistributed, resulting in inadequate 
tissue oxygen delivery. Tacit in this definition is adequate venous cardiac 
return, which differentiates heart failure from shock.* 

Congestive heart failure (CHF) describes impaired cardiac function, which 
results in elevated venous and capillary pressures. This causes organs to 
become congested with blood or laden with edema fluid. 

Failing heart is a third entity described in terms of how the myocardium 
functions, It is different from both heart failure or CHF, which are clinical 
entities. A patient may have a failing heart and may not be in heart failure. 
However, CHF is almost always associated with a failing heart. 

Heart failure and CHF manifest clinical signs that can be observed during 
physical examination or conveyed by a pet owner. In contrast, a failing heart 
is described only in terms of physiology, requiring laboratory measurements 
of specific functional parameters. 


THE FAILING HEART 


The failing heart may be defined by different parameters. These include 
(1) biochemical, in which the rate of energy release by ATP (adenosine 
triphosphate) hydrolysis is reduced*" (Fig. 11-1A); (2) mechanical, in which 
there is a reduced maximal velocity of myocardial fiber shortening achieved 
at zero loading conditions'*""" (Fig. 11-18); and (3) functional, in which 
there is a lower than expected force of contraction, considering the volume 
of blood (preload) in the chamber just before it contracts'** (Fig. 11-10). 
The property of the heart to contract once stimulated is termed myocardial 
contractility, or the inotropic state.*! Thus, the failing heart has reduced myocar- 
dial contractility and is in a negative inotropic state.” 


BIOCHEMICAL DERANGEMENTS 


Muscle contraction results from the shortening of sarcomeres and is seen 
microscopically as reduction in the Z-Z interval.** This shortening results 
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Methods for describing the failing heart. (A) Equations illustrating 
relative states of myocardial energy production. The ATP molecule 
is actually a molecule of ADP to which a final phosphorus atom is 
held by a high-energy bond. If this bond is broken, energy is 
released, which serves as the fuel for both myocardial contraction 
and relaxation. N depicts the normal state. F, shows reduced 
energy production because of decreased ATP substrate, although 
ATPase concentration is normal. F shows reduced energy 
production associated with decreased amounts of ATPase, although 
ATP concentration is normal. (B) Graph contrasting the failing 
and normal myocardium at conditions of zero loading. The failing 
heart generates a reduced maximal velocity (V,,) of fiber 
shortening at any level of tension compared with the normal heart. 
The maximal tension (Tm) generated may also be reduced in the 
failing heart, but depends on the state of myocardial contractility 
plus the degree of fiber stretch (i.e., preload) just before 
contraction begins. (C) A failing ventricle can be expressed by 
Frank-Starling curves as illustrated here. In the failing heart they 
show that for any given preload (end-diastolic volume), the force 
of contraction generated (systolic function) is less than anticipated 
compared with the normal heart. 


from heavy meromyosin cross-bridges swinging (cy- 
cling) and tugging on the actin filaments to which the 
Z bands are attached (see Fig. 3-6). All the energy for 
this motion—and for relaxation as well—arises from 


the hydrolysis of ATP into ADP (adenosine diphos- 
phate) (Fig. 11-1A) and inorganic phosphate (Pi). 
The energy for contraction and relaxation is what 
holds the Pi to the ADP molecule to form ATP.’ If 
ATP or ATPase is lacking, insufficient energy may be 
available for both contraction and relaxation.” 


MECHANICAL DERANGEMENTS 


The failing heart can be expressed using the velocity- 
tension curve (Fig. 11-18) developed from studying a 
strip of myocardium. '* * If the strip is stimulated and 
not permitted to contract because of a large mass 
hanging on it, the strip will generate a certain tension 
(maximal tension, Tm). That tension will depend upon 
both the inotropic state (i.e., the velocity with which 
the heavy meromyosin cross-bridges cycle) and how 
stretched the muscle is just before it is stimulated. As 
the mass suspended from the muscle becomes lighter 
and lighter (i.e., the muscle must lift, or try to lift, a 
lighter and lighter mass), the contracting muscle will 
generate less tension, and the velocity of shortening 
will become greater and greater. In fact, the relation- 
ship between shortening velocity (plotted on the ordi- 
nate) versus the tension developed (plotted on the 
abscissa) forms half of a hyperbola. 

It is impossible to determine the velocity of shorten- 
ing against zero load (i.e., against no resistance). Even 
if all mass is removed from the muscle strip, it must 
still shorten against its own mass. To determine the 
maximal velocity of shortening that may occur only 
under conditions of no load, the curve must be extrap- 
olated to conditions of zero loading. The Y-axis inter- 
cept, occurring at the point where no tension is devel- 
oped, will be the maximal velocity of fiber shortening 
(vm). This cannot be influenced by loading conditions 
since the muscle strip is unloaded. Rather, it is deter- 
mined by the velocity with which the heavy meromyo- 
sin heads cycle, and this velocity is a measure of the 
inotropic state. 

In a muscle strip removed from the failing heart, 
both maximal velocity of fiber shortening (v,,) and 
maximal tension (T,,) of the velocity-tension curve are 
reduced because the rate of cycling of each heavy 
meromyosin head slows; if the muscle has not been 
stretched further to engage more heavy meromyosin 
heads, there are no more heads to cycle and to gener- 
ate more tension. If each head cycles more slowly, as 
in a negative inotropic state, but the fibers are 
stretched to engage more heads and to add more 
Ca** to the excitation-contraction process, Tm may 
not only be normal but could be greater than normal, 
even though Vm is reduced. That is why vm rather than 
Tmn is the measure of myocardial contractility, which is 
reduced in a failing heart. 


FUNCTIONAL DERANGEMENTS 


Finally, the failing heart can be expressed using 
Frank-Starling curves (see Fig. 3-7). These relate sys- 
tolic function on the ordinate to ventricular end-dia- 
stolic blood volume (i.e., the preload) on the abscissa 
(Fig. 11-1C). For any increase in preload, the mea- 
sures of systolic function—the pressure developed, 
stroke volume, cardiac output, maximal rate of rise of 
intraventricular pressure—will increase, not because 
the rate of cycling of heavy meromyosin heads in- 
creases, but because there are more heavy meromyosin 
heads to cycle. In fact, the greater the preload, the 
more heavy meromyosin heads that cycle. In a failing 
heart, the level of systolic function for a given preload 
is less than expected for a normal heart; for a given 
increase in end-diastolic volume (preload), the antici- 
pated increment in stroke volume or maximal rate of 
rise of intraventricular pressure is reduced. 


HYPERTROPHY, VOLUME 
OVERLOAD, AND GENESIS OF 
CONGESTIVE 

HEART FAILURE 


In acquired cardiac disorders of the dog and cat, 
the left ventricle usually fails more frequently than the 
right ventricle, resulting in pulmonary congestion and 
edema. Occasionally right ventricular failure occurs, 
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resulting in congestion of the liver and other systemic 
organs. 

Normally the left atrial pressure (LAP) is approxi- 
mately 5 mmHg and is responsible for filling the left 
ventricle (LV) to a normal end-diastolic volume (EDV) 
(Table 11-1). The EDV represents the cardiac preload 
(PL), which sets the number of heavy meromyosin 
cross-bridges for the subsequent contraction. 

The following example can illustrate relationships 
between these parameters and the failing heart. For 
the sake of simplicity, assume that the LV free-wall 
thickness (WT) is 1 cm. A normally contracting LV 
with an EDV of 100 ml will (1) generate a pressure of 
about 100 mmHg (P) just before the aortic valve 
opens; (2) eject a forward stroke volume (SV) of ap- 
proximately 60 ml of blood into the aorta during sys- 
tole; and (3) leave behind approximately 40 ml as the 
end-systolic volume (ESV). 


LAW OF LAPLACE 


This relationship approximates the peak left ventric- 
ular wall tension, a measure of afterload. In its sim- 
plest version: 


T = Pressure X r/h, 


where the average circumferential wall stress or tension 
(T) is directly related to the product of intraventricular 
pressure (Pressure) and internal cardiac chamber ra- 
dius (r), and is inversely related to wall thickness (h). 
In illustrating this Laplace relationship in the following 


TABLE 11-1 
Hemodynamic Profiles of Myocardial Compensation and Cardiac Disease 
LAP EDV (PL) WT SV ESV P T 
(mmHg) (ml) (cm) (ml) (ml) (mmHg) (Units) 
A. Normal 5 100 1.0 60 40 100 10,000 
(Dilated Cardiomyopathy) 
B. Failure 5 100 1.0 40 60 80 8,000 
C. Dilated 15 120 0.8 60 60 100 15,000 
D. Eccentric hypertrophy 15 120 L2 60 60 100 10,000 
E. Normal 5 100 1.0 60 40 100 10,000 
(Aortic Stenosis) 
F. Stenosis 5 100 1.0 40 60 200 20,000 
G. Comp. 15 120 0.8 60 60 300 40,000 
H. Concentric hypertrophy 15 120 3.6 60 60 300 10,000 


LAP, left atrial pressure; EDV (PL), left ventricular end-diastolic volume (preload); WT, left ventricular wall thickness; SV, stroke volume; P, left ventricular 
pressure at the instant the aortic valve opens; T, peak myocardial tension (EDV X P/WT), also afterload. 

A,E Normal heart: Left atrial pressure (LAP) is responsible for generating a particular left ventricular end-diastolic volume (EDV) or preload (PL). The end- 
systolic volume (ESV) is the volume of blood remaining within the left ventricle after the ventricle ejects its stroke volume (SV) [ESV = EDV — SV]. The 
pressure developed by the left ventricle just before the aortic valve opens (P) is also equal to the diastolic systemic arterial blood pressure. The peak myocardial 
tension (T) is approximated according to the law of Laplace, as the product of PL X P divided by WT. 

B-D Progressive volume overload and myocardial failure due to dilated cardiomyopathy (see text for details): volume load of the left ventricle, shown as an 
increase in EDV, results from dilated cardiomyopathy. This results in eccentric hypertrophy characterized by a grossly enlarged left ventricular lumen and only a 


modestly enlarged left ventricular wall thickness. 


F-H_ Left ventricular pressure overload from aortic stenosis results in a great increase in LV wall thickness with little change in ventricular luminal dimension, 
known as concentric hypertrophy. Notice that the peak tension (T) for pressure overload that initiates concentric hypertropy is much greater than for the peak 


tension in volume overload that initiates eccentric hypertrophy. 
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example, rather than using LV radius we will use pre- 
load or end-diastolic volume, which is curvilinearly 
related to radius (r) by the equation 


EDV = 4/3 Pir’. 


In this example, assume that afterload for a normal 
LV is (100 ml xX 100 mmHg)/1 cm, or 10,000 units. 
If the LV suddenly becomes cardiomyopathic (as from 
an acute infection with Trypanosoma cruzi in a dog or 
from taurine deficiency in a cat) and begins to fail, 
stroke volume decreases to 40 ml and the LV pressure 
(P) falls to 80 mmHg. Because of the reduced SV, the 
ESV increases to 60 ml (the weakened LV leaves more 
blood behind), and the afterload decreases to only 
8000 units (Table 11-1B). Because stroke volume de- 
creases and end-diastolic volume increases, blood dams 
up within the LA, and left atrial pressure increases to 
15 mmHg. This increased LA pressure slightly overfills 
the left ventricle to an end-diastolic volume of 120 ml, 
20 ml more than when the left atrial pressure was only 
5 mmHg. Because end-diastolic volume is increased, 
LV wall thickness decreases. Despite the failing left 
ventricle, stroke volume returns to a normal 60 ml, 
and LV pressure (P) returns to a normal 100 mmHg 
(Table 11-1C) because of the Frank-Starling mecha- 
nism, which states that force of contraction increases 
when preload increases. The resulting reduced myo- 
cardial contractility (i.e., reduced rate of cycling of 
heavy meromyosin heads) and increased preload (i.e., 
the number of heavy meromyosin heads cycling) allows 
the diseased left ventricle to eject a normal stroke 
volume and, therefore, sustain a normal cardiac out- 
put. However, afterload increases to 15,000 units ([120 
ml X 100 mmHg]/0.8 cm), end-systolic volume re- 
mains elevated to 120 ml, and left atrial pressure re- 
mains elevated to 15 mmHg. This compensatory mech- 
anism permits cardiac output to remain normal, 
although at the expense of increased afterload and left 
atrial pressure. The consequences of these changes are 
discussed next. 


MECHANISMS OF HYPERTROPHY 


The major determinants of myocardial oxygen con- 
sumption are afterload, heart rate, and myocardial 
contractility.” °° 


ECCENTRIC HYPERTROPHY 


When afterload increases, so does myocardial oxy- 
gen consumption. If oxygen consumption outstrips 
oxygen delivery, the myocardium may suffer oxygen 
debt.” Such oxygen debt activates adenylate cyclase, 
which augments the conversion of ATP to cyclic AMP 
(cAMP). Increased cAMP activates protein kinase 


(PK), which increases protein synthesis, resulting in 
hypertrophy (increased muscle mass). This hypertro- 
phy is termed “eccentric hypertrophy” because the 
ventricular lumen is dilated and the free wall is either 
normal or slightly thicker than normal (Table 11-1D). 
Eccentric hypertrophy is caused by left ventricular vol- 
ume overload, which is represented as an increase in 
end-diastolic volume. Thus, the LV free wall may be- 
come 1.2 cm thick, and the effect on afterload may be 
predicted by the law of Laplace (the afterload will 
become 120 ml X 100 mmHg, all divided by 1.2 cm, 
or will return to 10,000 units). This will re-establish a 
balance between oxygen demand and delivery and 
potentially prevent the consequences of sustained oxy- 
gen debt. 


CONCENTRIC HYPERTROPHY 


Physiologic response to pressure overload such as aor- 
tic stenosis may be examined in a similar manner. 
Assume that the normal pressures, volumes, and ten- 
sion are as stated earlier (Table 11-1A, E). After the 
“magical instant” that aortic stenosis is produced, left 
atrial pressure, LV end-diastolic volume, and LV wall 
thickness remain constant; stroke volume decreases 
due to interference to left ventricular ejection caused 
by the fixed outflow obstruction (i.e., aortic stenosis). 
Left ventricular pressure increases profoundly to 200 
mmHg because the ventricle must eject against that 
increased interference (imagine how much more pres- 
sure you could generate pushing your hand against a 
300-pound steel ball compared with pushing against a 
feather!). Myocardial tension increases dramatically to 
20,000 units. Blood in the LV does not completely 
eject, and left atrial pressure increases to 15 mmHg 
because of this decrease in forward stroke volume 
(Table 11-1F). During the next instant, when LV end- 
diastolic pressure increases to 120 ml and the force 
of contraction increases because of the Frank-Starling 
effect, stroke volume returns to normal, LV pressure 
(P) increases even more to 300 mmHg, and peak LV 
pressure at the instant the aortic valve opens increases 
to 40,000 (Table 11-1G). This dramatic increase in 
tension initiates the steps leading to hypertrophy (Ta- 
ble 11-14). Thus, LV wall thickness markedly in- 
creases to 3.6 cm, and myocardial tension actually falls 
to the normal 10,000, even though LV systolic pressure 
remains elevated. This dramatic hypertrophy, in which 
the LVFW becomes extremely thickened due to the 
enormous T, is concentric hypertrophy, a consequence of 
ventricular pressure overload. 

With added myocardial mass, there may be a greater 
distance for diffusion of oxygen from capillary to mito- 
chondria, as well as a relative decrease in mitochon- 
drial numbers. Therefore, oxygen deprivation, myo- 
cyte death, and fibrosis may result.2°°! 


PATHOPHYSIOLOGIC 
RESPONSE TO VOLUME 
OVERLOAD 


Meerson and associate list three stages that describe 
the ventricular response to volume overload.” These 
include (1) myocardial damage, (2) hyperfunction, 
and (3) exhaustion. 


MYOCARDIAL INJURY 


During this initial stage, clinical signs result from 
heart failure that is associated with low cardiac output 
(see later) or venous and capillary distention. The 
ventricle dilates; myocardial fibers swell and separate; 
stores of high-energy phosphate and glycogen become 
depleted; lactate production increases; and mitochon- 
drial mass, RNA levels, and protein synthesis increase. 
These responses appear to represent the consequences 
of oxygen debt and include a shift toward anaerobic 
energy production and increased muscle mass. 


HYPERFUNCTION 


During this second stage, which usually lasts for a 
relatively long time, clinical signs abate. Hypertrophy 
results from increased myocardial fiber diameter. The 
ratio of fiber mass to myocardial mass increases. There 
is a return toward normal with respect to glycogen 
and high-energy phosphate supplies, RNA levels, and 
protein synthesis. 


MYOCARDIAL EXHAUSTION 


In this final stage, clinical signs progressively in- 
crease. Both ventricular systolic and diastolic function 
deteriorate; the heart failure state worsens; and death 
becomes imminent. As the ratio of myocardial mass to 
capillary density increases, oxygen must diffuse a 
greater distance from capillaries to myocardial cells. 
Energy deprivation, myocardial degeneration, and re- 
placement of myocardium by fibrous connective tissue 
result. The latter decreases myocardial contractile units 
and acts to stiffen the myocardium. It is thought that 
increased levels of angiotensin II may be responsible 
for augmented growth, as well as for the production 
of oxygen-free radicals that result in lipid peroxidation 
of cell membranes. Protein synthesis cannot replace 
the loss of contractile myocardium. 
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ADDITIONAL MYOCARDIAL CHANGES 
WITH HEART FAILURE 


Some of the newly synthesized proteins contain fetal 
protein forms that tend to increase their rate of pro- 
duction.***° There appears to be increased concentra- 
tion of inhibitory G (G,) protein.” This mediates the 
inhibition of adenylate cyclase, which decreases intra- 
cellular cyclic AMP and associated myocyte calcium 
influx, thereby reducing contractility. In addition, 
human studies of long-standing heart failure have re- 
ported hypothyroidism.** This may be due to a de- 
creased rate of peripheral T, (thyroxine) to T, (triio- 
dothyronine) conversion, as well as to reduced rates of 
T, production by the thyroid gland. 


VOLUME OVERLOAD WITH PATENT 
DUCTUS ARTERIOSUS 


The previous discussion has explained why the right 
or left ventricle enlarges and fails with valvular stenosis 
or insufficiency. However, why does the left ventricle 
fail with a patent ductus arteriosus (PDA)? 

Figure 11—2 schematically compares the normal cir- 
culation with the circulation in PDA. Each ventricle 
normally pumps the same volume of blood during 
each cardiac cycle, and thus the pulmonary and sys- 
temic circulations carry the same volume of blood. 
Normally, the left ventricle pumps blood through the 
systemic circulation to the right atrium, and the right 
ventricle pumps blood through the lungs to the left 
atrium. Because of cardiac septation, no blood shunts 
left to right, even though pressures in the left cardiac 
chambers are higher than pressures in the correspond- 
ing right-sided heart chambers. In contrast, the circula- 
tion is disrupted with PDA due to communication 
between the aorta (in which the pressure varies be- 
tween 120 and 80 mmHg) and the pulmonary trunk 
(in which pressure varies between 20 and 10 mmHg). 
Because of this patent ductal communication between 
aorta and pulmonary artery, and because the aortic 
pressure is always higher than pulmonary pressure, a 
quantity of blood (i.e., 200 ml per cardiac cycle) shunts 
through the PDA from aorta to pulmonary trunk. The 
resulting volume overload initiates eccentric hypertro- 
phy of both left atrium and left ventricle, and the 
overstretching of the left ventricle initiates a cascade 
of structural changes (e.g., fibrosis, slippage of sarco- 
meres) and biochemical alterations (e.g., depletion 
of stores of high-energy phosphate) that ultimately 
precipitates left-sided heart failure. 

Myocardial hypoxia or chronic stretch or both lead 
to important changes in myocardial diastolic func- 
tion,'* -1 An early effect of energy depletion is de- 
creased myocardial compliance (lusitrope). This re- 
sults in a reduced rate of ventricular relaxation, which 
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Diagrams of the normal pulmonary and systemic circulations and 
of an animal with patent ductus arteriosus (PDA). With PDA, a 
communication between the aorta and pulmonary trunk persists 
postnatally. Vessels are labeled VC (vena cava), PV (pulmonary 
vein), RA (right atrium), LA (left atrium), RV (right ventricle), LV 
(left ventricle), PA (pulmonary artery), and A (aorta). Nominal 
volumes of blood traversing or being pumped by each chamber or 
vessel are included for illustration. Therefore, for the normal 
circulation, both atria, both ventricles, and both pulmonary and 
systemic circulation carry or pump 100 units. In contrast with the 
PDA circulation, 200 units of blood shunts through the patent 
ductus from aorta to pulmonary artery. Thus, the PA, lungs, PV, 
LA, LV, and ascending aorta all carry three times the normal 
volume of blood. This results in engorgement and, in the case of 
LA and LV, eccentric hypertrophy. Of the 300 ml of blood which 
enters the ascending aorta, 200 ml shunt through the PDA. 
Therefore, normal amounts of blood are carried in the remainder 
of the aorta distal to the PDA, the systemic circulation, vena cava, 
RA, and RV, and the RA and RV are not hypertrophied. The 
reason the lungs can carry three times the normal amount of 
blood without developing higher pressure (i.e., pulmonary 
hypertension) is that the pulmonary circuit can both dilate existing 
vessels and recruit new vessels. 


requires elevated ventricular filling pressure (i.e., left 
atrial and pulmonary venous and capillary pressures) 
in order to achieve satisfactory left ventricular filling. 
In addition, inadequate myocardial energy may have a 
negative inotropic effect. These changes either precipi- 
tate or aggravate the sequence of events leading to 
congestive heart failure. Altered diastolic function usu- 
ally precedes altered systolic function. 


GENESIS OF PULMONARY 
EDEMA 


Increased left atrial pressure is a compensatory re- 
sponse to the failing left ventricle. It initiates a cascade 
of events that contributes to or causes clinical signs of 
congestive heart failure. If blood flows from pulmo- 
nary capillaries to the left atrium when left atrial pres- 


sure increases, then pulmonary capillary and pulmo- 
nary venous pressures also become elevated” (Fig. 
11-3). This causes vascular engorgement with blood 
known as congestion, which adds mass to the lung and 
makes it stiffer. Increased lung weight and stiffness 
make inspiratory lung expansion more difficult. This 
may lead to fatigue of muscles of ventilation—in partic- 
ular, the diaphragm—with possible exhaustion of those 
muscles and resultant asphyxia. Dilatation of pulmo- 
nary veins also leads to a bronchoconstrictive reflex 
that results in so-called “cardiac asthma” described in 
humans.** ** Wet, heavy lungs also result in ventilation- 
perfusion inequalities, which lead further to asphyxia. 

If pulmonary capillary engorgement becomes even 
more severe, such that the pulmonary capillary pres- 
sure reaches 18 to 22 mmHg (normal is < 12 mmHg), 
the rate that serum weeps from the pulmonary capil- 
laries into the pulmonary lymphatics may exceed the 
rate that those lymphatics drain the pulmonary inter- 
stices, and fluid accumulates within the lung as pulmo- 
nary edema. Initially, this occurs around the smaller 
airways and blood vessels and leads to partial obstruc- 
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Diagrams of the circulation through pulmonary capillaries for the 
normal (top) and for the failing (bottom) left ventricle. The alveolar- 
capillary membrane separates the intracapillary space from the 
interstitial space. Values for either hydrostatic or osmotic (oncotic) 
pressures (mmHg) are labeled such that a plus sign (+) indicates 
a force pushing fluid out of the compartment, and a negative (—) 
sign indicates a force sucking fluid into the compartment. A 
teardrop containing a number represents the direction fluid would 
move—either into or out of the capillary. With inadequate left 
ventricular function (bottom), capillary hydrostatic pressure (and 
lymph flow) increases. Lymphatic drainage is ultimately 
overwhelmed, and serum oozes into the interstitium faster than the 
pulmonary lymphatics can return the fluid to the capillaries. This 
fluid builds in the pulmonary interstitium as pulmonary edema. 


tion of those airways and vessels (chapter 13). This 
increases the load on the right ventricle, which must 
pump blood through the now partially constricted pul- 
monary vessels, and leads to small airway obstructive 
disease. As edema worsens, the fluid accumulates 
within the interstitium and finally within the alveoli. 
As lung function deteriorates and blood is oxygenated 
poorly, myocardial oxygen debt leads to further cardiac 
deterioration. The heart may become energy-deprived 
owing to its increased demand for oxygen at a time 
when decreased oxygen enters the blood. In addition, 
energy starvation leads to further deterioration of both 
systolic and diastolic function. 


HEART FAILURE 


The clinical entity of heart failure is observed when 
the patient manifests clinical signs. These are com- 
monly related to exercise intolerance* * or altered 
renal function“ or both and result when tissue perfu- 
sion declines to a level incompatible with normal or- 
gan function. The mechanism for reduced exercise 
tolerance arises from inadequate perfusion of working 
muscles, or from maldistribution of perfusion within 
the working muscle. Either or both of these responses 
are mediated over a complex neuroendocrine re- 
sponse “designed” to protect the animal from hemor- 
rhage or dehydration over a relatively short time.”” 4° 46 

A cascade of events lead to congestive heart fail- 
ure. 1-51 Because of a diseased heart (e.g., mitral 
regurgitation, dilated cardiomyopathy), there is a fall, 
albeit slight, in cardiac output (Q). This fall leads to a 
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slight reduction in systemic arterial pressure, to re- 
duced stretching of high-pressure baroreceptors in the 
aorta and carotid sinus, and to decreased numbers of 
afferent volleys to the medulla, indicating to the me- 
dulla that blood pressure is too low. The medulla then 
sends efferent volleys to increase the heart rate (i-e., it 
decreases vagal restraint on the sinoatrial node) and 
to constrict arterioles and veins (via stimulation of 
vascoconstrictor alpha,-adrenergic receptors). The fall 
in cardiac output also leads to a reduction, albeit small, 
in renal blood flow and associated delivery of sodium 
chloride to the renal juxtaglomerular apparatus (JGA). 
This fall in sodium delivery causes the JGA to release 
renin. Renin causes inactive circulating angiotensino- 
gen to be converted, predominantly in the liver, to 
angiotensin I. Relatively inactive angiotensin I is con- 
verted, mainly in the lung but also in many other 
organs, to angiotensin II. Angiotensin II initiates the 
following events®® 484 (Fig. 11-4): 


1. Stimulation of vascular smooth muscle, resulting 
in constriction of arteries, arterioles, and veins, which 
offers increased resistance to flow from LV to capillar- 
ies and reduced blood storage capacity of veins; 

2. Release of vasopressin (antidiuretic hormone) 
from the pituitary gland, which causes reduction in 
urine production and further stimulation of vascular 
smooth muscle (Fig. 11-5); 

3. Increased thirst with increased water consump- 
tion, expansion of blood volume, and further increase 
in pulmonary capillary pressure; 

4. Decreased norepinephrine uptake from pregan- 
glionic sympathetic synapses, resulting in an increase 
in circulating norepinephrine levels, which (a) con- 
stricts and stimulates vascular smooth muscle, further 
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Example of how increased quantities of ADH and aldosterone 
cause the renal tubules to retain excess quantities of salt and water. 
Figures in parentheses are below-normal values representing those 
that occur with heart failure. Increased amounts of secreted ADH 
and aldosterone during heart failure trigger salt and water 
reabsorption in the distal tubules. Atrial natriuretic peptide (ANF) 
would normally counter the effects of increased ADH and 
aldosterone. However, this effect of ANF is overwhelmed by the 
surge of antidiuretic and antinatriuretic hormones (i.e., ADH and 
aldosterone). Furthermore, chronic left atrial distention may 
decrease the quantity of ANF secreted. Normally, the distal tubules 
only reabsorb 4 of the 5 units of provisional urine entering them 
from the loop of Henle. However, with increased ADH and 
aldosterone secretion in heart failure, nearly all of the provisional 
urine is reabsorbed, resulting in oliguria or anuria. Q, cardiac 
output. 


increasing afterload; (b) increases heart rate,” °° which 
both increases myocardial oxygen demand and de- 
creases myocardial blood flow and oxygen delivery, 
thereby increasing myocardial oxygen debt and po- 
tentially provoking rhythm disturbances; and (c) pro- 
motes “down-regulation” (decreased numbers) of 
Bi-adrenergic receptors,'* thus blunting the patient’s 
ability to respond adequately with potentially life-say- 
ing “fight or flight?” mechanisms; 

5. Promotion of vascular smooth muscle growth, 
leading to arteriolar narrowing and myocardial hyper- 
trophy; 

6. Production of free oxygen radicals by macro- 
phages and neutrophils, leading to lipid peroxidation 
of cell membranes, cell death, and replacement by fi- 
brosis; 

7. Production of aldosterone by the adrenal me- 
dulla, which initiates the following events: (a) NaCl 
retention by the distal convoluted tubules, decrease in 
urine production, increase in blood volume, and fur- 
ther elevation of vascular pressures and edema, and (b) 


loading of high-pressure baroreceptors with Na*-Kt 
ATPase (this interferes with those receptors” * sending 
appropriate afferent information to the medulla and 
results in decreased vagal efferent traffic and consequent 
tachycardia, leading to increased myocardial oxygen de- 
mand and decreased myocardial oxygen delivery, with 
further oxygen debt and energy starvation). 


RENAL CONSEQUENCES IN 
HEART FAILURE 


Although increased levels of aldosterone and ADH 
may account for decreased urine production (see Fig. 
11-5), there is still an extremely important “third fac- 
tor” responsible for renal sodium and water retention’? 
(Fig. 11-6). Normally, for every 100 ml of plasma 
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Example of how increased filtration fraction, the ‘‘third factor,’ 
causes reabsorption of extra amounts of salt and water independent 
of the presence or absence of increased quantities of ADH and 
aldosterone. Values in parentheses are below-normal values and 
represent the pathophysiologic abnormality that constitutes ‘third 
factor.” In this illustration, glomerular filtration is sustained (20 
ml) because of constriction of efferent glomerular arterioles (EGA) 
and dilatation of afferent glomerular arterioles (AGA), despite a 
fall in renal plasma flow (RPF) from 100 to 80 ml. If glomerular 
filtration rate (GFR) is sustained while RPF is reduced, then there is 
a decrease (from 80 to 60 ml) in postglomerular blood entering 
the peritubular capillary. This reduces hydrostatic pressure within 
that portion of the peritubular capillary and increases the amount 
of provisional urine (e.g., from 10 to 15 ml) that is reabsorbed 
from the proximal tubule to the peritubular capillary. Thus, less 
provisional urine (5 ml instead of 10 ml) is presented to both the 
loop of Henle and distal tubule. If these regions reabsorb normally 
(a total of 9 ml), there will be less urine made and blood volume 
will be augmented. Q, cardiac output. 


flowing into the kidneys, approximately 20 ml is fil- 
tered from the glomerular capillaries into the renal 
tubules as provisional urine. The glomerular mem- 
brane is impermeable to protein. Therefore, the fil- 
trate is relatively low in protein, while the 80 ml of 
nonfiltered plasma that continues on its path in the 
peritubular capillaries is protein rich. Furthermore, 
the fluid pressure within the tubules is relatively low, 
while fluid pressure within peritubular capillaries is 
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relatively high. The gradient of oncotic pressure is 
greater in peritubular capillary blood than in provi- 
sional urine and favors fluid reabsorption from the 
tubule to the peritubular capillary. The gradient of 
fluid pressure (greater in the peritubular capillary 
than in the renal tubule) discourages reabsorption 
from tubule to peritubular capillary. However, oncotic 
forces are dominant over those of fluid pressure. 
Therefore, almost 50 percent of provisional urine is 
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Diagrams illustrating cardiovascular principles. Left side: The normal cardiovascular circulation (top) is contrasted with that in heart failure 
(bottom), comparing changes in the left ventricle, aorta, arterioles, and pulmonary veins. Right side: Clinical responses to reduced cardiac 
output (Q) are depicted. For the normal state, the pulmonary veins are semicollapsed because the LV sucks blood from them during 
diastole. Pulmonary venous pressure is therefore low. The aorta is compliant, and distended because the LV pumps blood into it. Systemic 
arterial pressure is high, arterioles are normally dilated, and there are numerous myocardial B,-receptors to which norepinephrine binds, 
causing the ventricle to contract more forcefully when stimulated (B)-receptors are represented by black semicircles). Because pulmonary 
venous pressure and thus pulmonary capillary pressures are low, the lungs are neither edematous nor congested, and Jung weight is also 


low. 


Changes with heart failure include (1) LV dilation with its free wall thinned due to increased filling force; (2) reduced numbers (i.e., 
“down regulation”) of myocardial B,-adrenergic receptors due to elevated circulating catecholamine levels; (3) elevated pulmonary venous 
and capillary pressure; and (4) arteriolar constriction and reduced aortic compliance due to vascular smooth muscle stimulation resulting 
from increased plasma norepinephrine, vasopressin, and angiotensin II concentrations. This damming-up of blood with the pulmonary 


circuit makes the lung congested, edematous, and heavy. 


Graph of lung weight vs. pulmonary capillary pressure (Prc): This shows lung weight increasing dramatically as pulmonary edema 
appears. Dilation of the pulmonary veins elicits a bronchoconstrictive reflex. Left atrial dilation (not shown) increases the release of atrial 
natriuretic peptide or factor (ANF), the substance that prevents the synthesis and effects of angiotensin-II, although ANF release may be 


dulled by chronic left atrial distention. 


To the right of the diagram is shown the constellation of clinical responses characterizing heart failure. At the top right is a graph 
plotting release of ADH and heart rate (HR) as a function of systemic arterial pressure (P,). As systemic arterial pressure rises, both heart 
rate and ADH increase. Reduced blood flow (Q) to the muscles, brain, heart (Q,,,), and kidneys (Qna) results in corresponding responses of 
weakness, behavior changes, increased myocardial stiffness, decreased myocardial contractility, arrhythmia, and renin production, 
respectively, Renin ultimately results in angiotensin-I] production and other pathologic responses (see also Fig. 11-4). 


214 ABNORMAL CARDIOVASCULAR FUNCTION AND PRINCIPLES OF THERAPY 


reabsorbed from the proximal convoluted tubule by 
surrounding peritubular capillaries. 


FILTRATION FRACTION AS THE 
THIRD FACTOR 


Compensatory renovascular changes account for the 
oliguria and polydipsia observed in congestive heart 
failure. These physiologic mechanisms result in 
changes that also present the circulation with fluid to 
be distributed, according to hydrostatic and oncotic 
forces, as ascites, pulmonary edema, or pitting edema. 
When renal plasma flow decreases and the renin-angio- 
tensin-aldosterone axis is activated, efferent glomeru- 
lar arterioles constrict and afferent glomerular arteri- 
oles dilate. This causes the volume of glomerular 
filtrate to remain nearly constant despite a drop in 
renal plasma flow. Thus, the filtration fraction (the ratio 
of volume of glomerular filtration to renal plasma 
flow), which is normally 0.2, elevates to as high as 
0.3. This means that the volume of renal plasma flow 
destined for peritubular capillaries (i.e., renal plasma 
flow minus glomerular filtrate) is diminished. The re- 
duced plasma volume is richer in protein (i.e., pos- 
sesses greater Oncotic pressure) and also is perfusing 
at a lower fluid pressure (i.e., there is less of it). Thus, 
a relatively greater amount (by percentage as well as 
absolute volume) will be reabsorbed from renal tubule 
to peritubular capillary. This causes reduced urine vol- 
ume and conservation of water and solutes when the 
animal may be manifesting increased water intake due 
to thirst precipitated by excessive angiotensin II. 


HEART RATE RESPONSE TO HEART FAILURE 


Heart rate increases in response to several stimuli. 
Due to a slight fall in systemic arterial pressure, vagal 
restraint on heart rate is reduced, from either de- 
creased arterial baroreceptor stretching or diminished 
function of those baroreceptors. Heart rate variability, 
termed respiratory sinus arrhythmia, decreases. Ele- 
vated circulating catecholamine concentrations also in- 
crease heart rate. This is injurious for two reasons: 
(1) increased heart rate increases myocardial oxygen 
consumption at a time when blood oxygenation may 
be impaired due to pulmonary congestion and edema, 
and (2) increasing heart rate shortens diastole, the 
period when coronary blood flow delivers oxygen to 
the myocardium,” * with resultant decrease in myocar- 


dial oxygen supply. 


NEUROENDOCRINE RESPONSES 


Increased levels of circulating catecholamines and 
heightened sympathetic stimulation also result in de- 
creased arterial vasodilatory reserve to working mus- 
cles. This either reduces blood supply to those muscles 
or produces maldistribution of blood within the mus- 


cles, which causes decreased exercise capacity and mus- 
cular weakness. Complex and still poorly understood 
neuroendocrine responses to reduced cardiac output 
initiate a constellation of clinical signs (e.g., polydipsia, 
oliguria, vasoconstriction, tachycardia, muscular weak- 
ness, and exercise intolerance) (Figs. 11-4, 11-7). To- 
gether, these changes coupled with those previously 
described result in the clinical syndromes of heart 
failure or congestive heart failure. Basic cardiovascular 
principles relating neuroendocrine, hemodynamic, 
and clinical aspects of heart failure are illustrated in 
Figure 11-7. 
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Many different diseases can cause signs of heart failure. Accordingly, there 
are numerous approaches to therapy, depending on the unique circum- 
stances of each patient. The ideal treatment is to achieve a cure, but as this 
is usually not possible, treatment goals are to improve the quality and length 
of life. Toward this end, management efforts engage in a number of strate- 
gies intended to relieve congestion, control excess sodium and water reten- 
tion, improve cardiac pumping function, or reduce cardiac workload. Spe- 
cific goals of treatment decisions are facilitated by knowledge of 
pharmacology, the hemodynamic effects of drugs, the nature and prevalence 
of adverse drug reactions, short- and long-term efficacy, and the effect of 
drugs on quality of life. 


PRINCIPLES OF TREATMENT 


CLASSIFICATION OF PATIENTS WITH HEART FAILURE 


Animals with heart failure can be categorized based on the functional 
disturbance(s) caused by their underlying disease. Therapy is usually di- 
rected at correcting or palliating the specific functional abnormalities re- 
sponsible for the patient’s clinical signs (Table 12-1). 

The heart has two primary functions. One is to receive blood from the 
pulmonary and systemic venous reservoirs (diastolic performance), the other 
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TABLE 12-1 
Heart Failure: The Goals of Therapy 


I. Control Salt and Water Retention/Relieve Edema 
Low sodium diets 
Loop, thiazide, potassium-sparing diuretics 
Venous and mixed vasodilators 
Angiotensin converting enzyme inhibitors 
Physical removal of fluid 
II. Improve Pump Function 
Improve diastolic filling 
Control heart rate 
Abolish arrhythmia, restore A-V synchrony 
Improve ventricular relaxation 
Improve contractility 
Digitalis glycosides 
Bipyridines 
Sympathomimetic drugs 
Reverse or modify myocardial and vascular remodeling 
Angiotensin converting enzyme inhibitors 
Beta-receptor blocking drugs 
III. Reduce Workload 
Reduce afterload, ACE inhibitors, arterial or mixed vasodilators 
Reduce physical activity 
Avoid environmental stressors 
Weight reduction in the obese 


is to propel blood in a forward direction through the 
pulmonary and systemic vasculature (systolic perfor- 
mance). Systolic dysfunction predominates in most 
heart failure patients, but others suffer from diseases 
that primarily impair diastolic performance. The gen- 
eral approach to treatment is greatly influenced by 
these distinctions, which must be clinically deter- 
mined. 

A number of other considerations are important in 
selecting therapy: 


(1) The chronicity of clinical signs (acute versus 
chronic heart failure); 

(2) The severity of the disease (mild, moderate, or 
severe heart failure); and 

(3) The predominating clinical manifestations (con- 
gestive versus low-output heart failure, and right- versus 
left-sided heart failure). 


For example, acute, severe congestive heart failure 
(CHF) is treated much more aggressively and with 
different drug combinations than is chronic, less se- 
vere disease. 


THERAPEUTIC APPROACH TO DIASTOLIC 
DYSFUNCTION 


Impaired cardiac filling can result from excessive 
pericardial restraint, obstructions to venous inflow, im- 
paired myocardial relaxation, reduced ventricular com- 
pliance, excessive heart rates, and weak, absent, or 
poorly timed atrial contractions. Myocardial relaxation 
is an active, energy-requiring process that initiates dia- 
stolic filling.’ The rate and extent of myocardial relax- 
ation depend on the rate at which cytosolic calcium 


ions are resequestered by the sarcoplasmic reticulum. 
This requires adenosine triphosphate (ATP) and phos- 
phorylation of phospholamban, which normally occurs 
rapidly and uniformly. 

Myocardial relaxation is determined by systolic loading 
conditions and inherent cardiac viscoelastic properties. 
Increasing afterload improves relaxation up to a point, 
but excessive afterload has an adverse effect. Hypertro- 
phied hearts relax more slowly and less uniformly than 
normal hearts. When the ventricle is diseased, the 
onset of relaxation is often delayed and the rate and 
extent of relaxation are reduced, either globally or to 
varying degrees in different regions of the heart. 

Ventricular compliance is the ability of the heart to fill 
passively and is usually measured at the end of diastole 
when the ventricle is relaxed. This concept is best 
explained by a graphic display of the ventricle’s end- 
diastolic pressure-volume relationship, the slope of 
which defines compliance at any given level of preload 
(Fig. 12-1).2? Given the same end-diastolic volume, 
end-diastolic pressure will be higher if the ventricle is 
stiffer (less compliant) than a normal ventricle. Ven- 


LV end-diastolic pressure 


i = 


LV end-diastolic volume 


FIGURE 12-1 


The left ventricular end-diastolic pressure-volume relationship for 
any patient can be expressed as an exponential curve. Myocardial 
stiffness refers to the ability of the myocardium to resist filling 
during diastole. Conversely, myocardial compliance refers to the 
ability of the myocardium to be stretched during diastole. The 
slope of the curve at any point is a measure of ventricular stiffness 
at that particular volume. The greater the ventricular volume, the 
stiffer the chamber wall. In a clinical context, myocardial stiffness 
increases when the ventricle dilates, when the wall hypertrophies, 
or when myocardial fibrosis is present. Notice that as the left 
ventricle (LV) fills (i.e., the LV end-diastolic volume increases), the 
slope of the curve increases, indicating that the left ventricle 
becomes progressively stiffer (less compliant). This is evident in 
patient “B’—it takes greater pressure to achieve the same end- 
diastolic volume compared with patient ‘A.’ The difference in LV 
end-diastolic pressure between patients ‘A’ and ‘B’ becomes even 
more pronounced as the LV end-diastolic volume increases. AV, 
change in volume; AP, change in pressure. 
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tricular compliance is determined by the volume and 
geometry of the chamber as well as the thickness and 
tissue characteristics (composition) of its walls.® * Com- 
pliance failure can occur with myocardial or endocar- 
dial fibrosis, or with ventricular hypertrophy.* Feline 
hypertrophic cardiomyopathy (HCM) is characterized 
by concentric hypertrophy of the left ventricle, im- 
paired myocardial relaxation, and reduced left ventric- 
ular compliance*” (see chapter 28). As a result, left 
ventricular (LV) diastolic and left atrial pressures in- 
crease, and pulmonary edema develops in some cases. 


IMPLICATIONS FOR THERAPY. The most effective treat- 
ment of patients with reduced compliance and im- 
paired ventricular relaxation is to resolve the underly- 
ing disorder. Resolution of LV hypertrophy can be 
achieved in patients with systemic hypertension by ef- 
fectively reducing arterial blood pressure. For all prac- 
tical purposes it is impossible to resolve the extensive 
myocardial fibrosis observed in cats with restrictive 
cardiomyopathy (RCM). On rare occasions, ventricular 
hypertrophy due to hypertrophic cardiomyopathy re- 
solves with treatment. More often, therapy must be 
directed at those compensatory responses and coexist- 
ing conditions that further limit diastolic filling. These 
include excessively fast heart rates, weak or poorly 
timed atrial contractions, sodium and water retention, 
venous constriction, and diminished systolic perfor- 
mance of the heart.'? Optimization of preload, control 
of heart rate, and maintenance of sinus rhythm are 
crucial to the successful treatment of many patients 
with diastolic myocardial dysfunction, particularly 
when the primary disorder cannot be resolved. Im- 
paired ventricular filling can sometimes be augmented 
by drugs that improve myocardial relaxation (positive 
lusitropy). 

Beta-adrenergic receptor blocking drugs and cal- 
cium channel blocking agents are commonly pre- 
scribed for HCM, but for somewhat different 
reasons.” |! Beta-blockers effectively reduce excessive 
heart rates, thereby improving diastolic filling; they 
can also diminish or eliminate dynamic LV outflow 
tract obstruction and associated mitral regurgitation.” 8 
As a result, ventricular performance may improve. Dil- 
tiazem is reported to improve myocardial relaxation in 
cats with HCM and may also cause regression of LV 
hypertrophy in some cats. ê Diltiazem also tends to 
slow resting heart rate, but this effect is not as reliable 
or as dramatic as that observed with B-blockers when 
sympathetic tone is high.® Diltiazem does not appear 
to abolish dynamic obstruction as reliably as do B- 
blockers. 

Pulmonary edema is most effectively treated with 
furosemide. Cats with refractory pulmonary edema 
due to HCM may benefit from combined treatment 
with furosemide and a venous vasodilator, such as ni- 
troglycerin. However, when filling is impaired, exces- 


sive preload reduction resulting from inappropriately 
high doses of diuretics can precipitate signs of low- 
output heart failure.'’ Arterial vasodilating drugs 
should be avoided in HCM, as they can precipitate 
systemic arterial hypotension and worsen dynamic ob- 
struction.® Angiotensin-converting enzyme (ACE) in- 
hibitors appear to be efficacious in relieving signs of 
CHF without adversely affecting hemodynamics. Posi- 
tive inotropic drugs can also worsen dynamic obstruc- 
tion. 

In cats with restrictive cardiomyopathy, the principal 
functional deficit is compliance failure, although re- 
duced systolic contractile indices are sometimes pres- 
ent as well” (chapter 28). Treatment options are lim- 
ited. Diuretics and a low-salt diet are used to control 
congestion and edema.” * '? Positive inotropic drugs 
may be useful when concomitant systolic pump failure 
is present. Reduction of tachycardia may improve dia- 
stolic filling. There is some evidence that ACE inhibi- 
tors and aldosterone antagonists may reduce myocar- 
dial fibrosis, but their value in affected cats, if any, is 
unknown." 

Pericardial disorders such as pericardial effusion and 
constrictive pericarditis cause signs of heart failure by 
impairing diastolic filling. Cardiac tamponade from 
pericardial effusion is acutely managed by pericardio- 
centesis (chapter 29). When pericardial and epicardial 
fibrosis restrain cardiac diastolic filling, as with con- 
strictive pericarditis, surgical removal of the parietal 
and/or visceral pericardium is required. In atrioven- 
tricular valve stenosis or mass lesions that obstruct 
venous inflow, surgery or balloon dilation of the of- 
fending lesion is usually required. When definitive 
treatment cannot be accomplished, clinical improve- 
ment often can be realized using diuretics and drugs 
to control heart rate. 


THERAPEUTIC APPROACH TO SYSTOLIC 
DYSFUNCTION 


Impaired systolic ejection can result from (1) pri- 
mary myocardial failure (e.g., dilated cardiomyopa- 
thy); (2) chronic volume overload (e.g., chronic mitral 
valve insufficiency or a congenital shunt [atrial septal 
defect, ventricular septal defect, patent ductus arterio- 
sus]); or (3) chronic pressure overload (e.g., outflow 
tract obstruction or arterial hypertension). Reduced 
myocardial contractility is the initial and principal ab- 
normality in patients with dilated cardiomyopathy. 
With chronic pressure or volume overload, myocardial 
failure eventually develops secondary to some other 
cardiac disorder, such as valvular stenosis or insuffi- 
ciency. In these patients, signs of congestive heart fail- 
ure can develop with no or only modest reductions in 
myocardial contractility. A thorough understanding of 
normal systolic function provides the basis for assessing 
systolic dysfunction and its therapeutic implications. 
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The relationship between wall stress and ventricular 
volume in a normal dog is depicted in Figure 12-2. 
During diastole, the ventricle fills to a certain end- 
diastolic volume, with accompanying end-diastolic wall 
stress. During isovolumic systole, the mitral and aortic 
valves are closed and left ventricular pressure rises, 
but left ventricular volume and wall thickness do not 
change. This results in increased wall stress. Ejection 
begins when the aortic valve opens. During ejection, 
pressure increases a small amount and then declines 
as chamber diameter decreases and the wall thickens. 
This results in decreasing wall stress throughout ejec- 
tion. During isovolumic relaxation, wall stress de- 
creases while left ventricular volume stays the same. 

The relationship of contractility to systolic wall stress 
(afterload) and ventricular volume in a normal dog is 
illustrated in Figure 12-3. If systolic intraventricular 
pressure is increased, systolic wall stress (afterload) 
increases, resulting in decreased fiber shortening. End- 
systolic volume increases because the chamber no 
longer can empty as completely as it did before. When 
a line is drawn connecting the end-systolic wall stress- 
volume points from each loop, its slope (Ema) and x- 
axis intercept (V,) define myocardial contractility." 


Primary Myocardial Failure 


Taurine deficiency cardiomyopathy in cats and idio- 
pathic dilated cardiomyopathy of large-breed dogs are 
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Normal wall stress-volume loop for the left ventricle. A, End- 
diastole and the point at which the mitral valve closes. A-B, 
Isovolumic systole. B, The onset of ejection and opening of the 
aortic valve, BC, Ejection; the volume of B minus the volume of C 
is the stroke volume. C, End-systole and closing of the aortic valve. C- 
D, {sovolumic relaxation. D, Mitral valve opening. D-A, Ventricular 
filling. (From Kittleson ME. Management of heart failure: 
Concepts, therapeutic strategies, and drug pharmacology. In Fox 
PR [ed]: Canine and Feline Cardiology. lst ed. New York, 
Churchill Livingstone, 1988, p 178.) 
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Wall stress-volume loops before and after the administration of an 
agent that constricts systemic arterioles. As end-systolic pressure 
(hence wall stress) increases, heart muscle contraction ts reduced 
at end-systole. This causes an increase in end-systolic volume and a 
decrease in stroke volume. The slope (Ema) and x intercept (V,) 
of the line connecting the end-systolic wall stress-volume points 
define myocardial contractility. (From Kittleson ME. Management 
of heart failure: Concepts, therapeutic strategies, and drug 
pharmacology. In Fox PR [ed]: Canine and Feline Cardiology. Ist 
ed. New York, Churchill Livingstone, 1988, p 179.) 


examples of diseases causing reduced myocardial con- 
tractility.'* "€ When myocardial contractility is de- 
creased, Ema: flattens and V, shifts to the right.'” For 
any given end-systolic wall stress, end-systolic volume is 
increased because the weakened muscle fibers cannot 
shorten as far. As a result, stroke volume declines. 
The body compensates for decreased stroke volume by 
increasing heart rate and by increasing preload via 
renal salt and water retention. Fluid retention in- 
creases end-diastolic pressure and end-diastolic vol- 
ume, thereby increasing stroke volume (Frank-Star- 
ling law). 

Increased end-diastolic volume causes the normal 
ventricular wall to stretch around a larger than normal 
chamber, and the ventricular wall becomes thinner. 
The result is increased end-diastolic wall stress. When 
end-diastolic volume and wall stress increase, the sar- 
comeres within the myocytes replicate in series, and 
wall thickness increases in proportion to the change 
in chamber size.'* This type of cardiac hypertrophy is 
called eccentric or volume overload hypertrophy. Eccentric 
hypertrophy allows a moderately impaired heart to 
eject a normal stroke volume despite diminished myo- 
cardial contractility. 

A wall stress-volume loop from a patient with severe 
myocardial failure (dilated cardiomyopathy [DCM]) is 
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depicted in Figure 12-4. In this example, end-diastolic 
volume index (EDVI) is increased from the normal 
value of less than 100 ml/m? of body surface area 
to 250 ml/m?’. End-systolic volume index (ESVI) is 
increased from a normal value of less than 30 ml/ 
m? to 220 ml/m?. The mitral valve annulus has been 
enlarged by left ventricular dilation, resulting in mild 
mitral regurgitation. This patient’s total left ventricular 
stroke volume index (EDVI-ESVI) is 30 ml/m?*. How- 
ever, 20 percent of that stroke volume index (6.0 ml/ 
m?) is ejected into the left atrium owing to the mitral 
regurgitation. Consequently, the forward stroke vol- 
ume index (that amount ejected into the aorta) is only 
24 ml/m?*, compared with a normal stroke volume 
index of 30 to 50 ml/m?. Because of the large end- 
diastolic volume and the stiffer than normal myocar- 
dium, end-diastolic pressure is increased, causing pul- 
monary edema. Increased end-diastolic pressure and 
chamber dilation have increased end-diastolic wall 
stress, maximally stretching the sarcomeres at end-dias- 
tole, stimulating further sarcomere replication and 
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Wall stress volume loops from a dog with severe myocardial failure. 
The solid line represents baseline values. End-diastolic ventricular 
volume is increased because of renal salt and water retention, 
leading to eccentric hypertrophy. End-systolic volume is increased 
because of decreased myocardial contractility and increased systolic 
wall stress (afterload). Compared with Figure 12-3, Ema (the slope 
of the line defining contractility) is flatter than normal, and V, 
(the x intercept of that line) is shifted to the right (i.e., myocardial 
contractility is decreased). The dotted line represents a portion of 
the new loop formed after administration of a positive inotrope; 
Emn becomes steeper, resulting in a decrease in end-systolic 
volume and, therefore, increase in stroke volume, The dashed line 
shows a portion of a new loop that forms after the administration 
of an arteriolar dilator. Emax and V, do not change, but systolic wall 
stress decreases because of the resultant decrease in blood 
pressure. End-systolic volume decreases due to the increased stroke 
volume. (From Kittleson ME. Management of heart failure: 
Concepts, therapeutic strategies, and drug pharmacology. In Fox 
PR [ed]: Canine and Feline Cardiology. 1st ed. New York, 
Churchill Livingstone, 1988, p 182.) 


chamber dilation. As myocardial contractility contin- 
ues to decline, the compensatory process of myocar- 
dial hypertrophy fails, the ratio of wall thickness to 
chamber size declines, systolic wall stress increases, and 
heart failure occurs. 


IMPLICATIONS FOR THERAPY. Several different strategies 
can be employed to treat primary myocardial failure. 
The ideal treatment would restore myocardial contrac- 
tility to normal, as occurs when taurine is provided to 
cats with taurine deficiency.” The rationale for using 
positive inotropic drugs is that functional improve- 
ment should occur if the drug is sufficiently potent, 
and if the surviving myocytes can respond. Positive 
inotropes such as dobutamine and milrinone are often 
used successfully to treat humans with acute, decom- 
pensated myocardial failure.'? These drugs improve 
but do not normalize myocardial contractility (Fig. 
12-4). Unfortunately, survival times are diminished in 
humans treated chronically with B,-agonists or phos- 
phodiesterase inhibitors, in part because of an in- 
creased rate of sudden death.'® 2° For this reason, these 
drugs are not used for chronic therapy except in spe- 
cial circumstances. Digoxin, which has no effect on 
overall mortality, is often used chronically to improve 
contractility, to control supraventricular tachycardias, 
and to modulate some of the autonomic changes 
evoked in heart failure.’ 19 

Current strategies for the long-term management of 
chronic myocardial failure emphasize drugs that re- 
duce afterload, decrease cardiac venous return, or 
modify the systemic neurohormonal responses elicited 
by declining cardiac function (Figs. 12-4, 12-5).'* This 
approach allows cardiac output to increase without 
increasing myocardial work and oxygen consumption, 
while reducing diastolic intraventricular pressures. Im- 
proved exercise tolerance and increased survival times 
have been reported.*!** As in other types of heart 
failure, diuretics are required to control congestion 
and edema. 


Chronic Volume Overload 


Mitral, aortic, and tricuspid regurgitation and left- 
to-right shunts, such as ventricular septal defect (VSD) 
and patent ductus arteriosus (PDA), cause volume 
overloading of the left- or right-sided heart, or both. 
Volume overload results in eccentric hypertrophy of 
the involved chambers and heart failure if severe. Re- 
pair of the lesion is preferred and is most commonly 
available for PDA. When repair of the defect is not an 
option, the goal of medical therapy is to delay the 
onset of heart failure, slow progression, and reduce 
associated clinical signs. 


MITRAL REGURGITATION. Acute mitral regurgitation 
(MR) causes a decrease in forward stroke volume by 
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permitting a certain percentage of the ejected stroke 
volume to leak from the left ventricle (LV) back into 
the left atrium (LA). Decreased forward stroke volume 
and cardiac output stimulate sympathetic outflow and 
catecholamine release, thereby increasing heart rate 
and contractility. Decreased renal perfusion stimulates 
renal compensatory responses and renin release from 
the kidney. Within 2 to 4 days, about 50 percent of 
the B-receptors become desensitized to catecholamine 
stimulation.” For a time, fluid retention and the 
Starling mechanism help compensate for the initial 
decline in stroke volume. Eventually, the LV hypertro- 
phies to accommodate the volume of blood regurgi- 
tated into the LA. End-diastolic wall stress returns to 
normal but the LV is now enlarged. 

In patients with MR, about 50 percent of the total 
left ventricular stroke volume may be ejected into the 
LA before the aortic valve opens. This permits the LV 
to eject a large blood volume at relatively low pressure, 
with low wall stress and only modest increases in myo- 
cardial oxygen consumption. These conditions allow 
myocardial contractility to remain normal for pro- 
longed periods. A wall stress-volume loop from such 
a dog is illustrated in Figure 12-6. Since contractility 
is normal and systolic wall stress is relatively normal, 
end-systolic volume is normal. 

As the mitral valve continues to degenerate and the 
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A Frank-Starling curve of a patient in class IV heart failure (point 
A). With myocardial failure, administration of a positive inotrope 
or arteriolar dilator causes improvement to point B; with a positive 
inotrope and diuretic (or venodilator) or balanced vasodilator, 
improvement occurs to point C. Patients with mitral regurgitation 
can move from point A to point C with an arteriolar dilator or a 
balanced vasodilator. Overzealous diuretic administration or 
dehydration can result in the patient’s cardiovascular function 
moving to point D. Notice that this causes little change in cardiac 
index. (From Kittleson M. Concepts and therapeutic strategies in 
the management of heart failure. In Kirk RW [ed]: Current 
Veterinary Therapy. Vol VII. Philadelphia, WB Saunders, 1983, p 
279.) 
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Left ventricular wall stress-volume relations are illustrated for a 
normal dog (dotted-line loop on the left), a dog with advanced 
mitral regurgitation (dashed-line loop in the middle), and a dog 
with end-stage mitral regurgitation and myocardial failure due to 
chronic volume overload (solid-line loop to the right). Dogs with 
mitral regurgitation are able to eject a very large stroke volume 
while maintaining normal or nearly normal contractility for long 
periods of time. In this circumstance, ejection fraction is markedly 
increased, and end-systolic volume and contractility are essentially 
normal. The slope (E,..x) of the line connecting the end-systolic 
wall stress-volume end-points from each loop and the x intercept 
(V,) define myocardial contractility. Myocardial failure eventually 
develops, as indicated by the reduced (“flattening”) slope (Enu), 
rightward shift of V,, increased end-systolic volume, and declining 
ejection fraction. 


LV continues to enlarge, an ever-increasing percentage 
of the stroke volume (up to 75 to 90 percent in dogs 
with severe MR) is ejected into the LA. Progressive 
enlargement of the left-sided heart is accompanied by 
increased wall stress and myocardial oxygen consump- 
tion. Peripheral vasoconstriction and fluid retention, 
evoked by neurohormonal responses to declining car- 
diac output, increase afterload and preload, further 
increasing the regurgitant volume and heart size. Di- 
minished myocardial perfusion, myocardial fiber slip- 
page, and excessive afterload detract from the inotro- 
pic support provided by neurohormonal activation.” 
In dogs with experimentally created MR, the extent of 
myocardial dysfunction can be demonstrated by ad- 
ministration of B-adrenergic blocking drugs.” Eventu- 
ally, dogs with severe valvular insufficiency experience 
a substantial decline in myocardial contractility, as illus- 
trated in Figure 12-6. 

The severity of pulmonary congestion and the re- 
sulting clinical signs do not necessarily reflect the vol- 
ume of regurgitation or the contractile state of the 
myocardium. Pulmonary congestion tends to develop 
when left atrial pressure rises sufficiently (to about 25 
mmHg) to increase hydrostatic pressure in the pulmo- 
nary capillaries. Left atrial pressure is a function of left 
atrial compliance, the volume of blood arriving from 
the right-sided heart, the volume of blood that leaks 
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from the ventricle (regurgitant volume), and the dia- 
stolic pressure of the LV.” Pulmonary edema can de- 
velop when the regurgitant volume is relatively modest 
if the atrium is small and noncompliant. An enlarged, 
compliant LA can accommodate a fairly large volume 
of mitral regurgitation with a relatively modest rise in 
pressure. Thus, congestive signs may not correlate with 
the degree of regurgitation or left atrial size. 

The regurgitant volume is a function of the pressure 
gradient between the LA and LV and the size of the 
regurgitant orifice.” The size of the regurgitant orifice 
is a dynamic quantity that changes as the ventricle 
contracts. Arterial vasodilating drugs reduce the vol- 
ume of mitral regurgitation by two mechanisms: (1) 
they reduce the LV-LA pressure gradient, and (2) they 
cause the ventricle (and the mitral annulus) to con- 
tract at a faster velocity, thereby reducing regurgitant 
orifice size.” The vasodilating effect of ACE inhibition 
is more modest and dependent on the degree of neu- 
rohormonal activation. Direct-acting arterial vasodila- 
tors, although more potent, have the disadvantage of 
evoking reflex tachycardia. 

Diuretics and venodilators diminish plasma volume 
and increase venous capacitance, respectively, thereby 
directly reducing left atrial pressure. Diuretics effec- 
tively relieve congestive signs in dogs with DCM or MR. 
For this reason, diuretics are an essential component 
of therapy. Their use evokes marked neurohormonal 
responses, which may be disadvantageous. To the ex- 
tent they reduce left ventricular size, diuretics and 
venodilators reduce mitral regurgitant volume. Positive 
inotropic drugs increase the velocity of myocardial 
contraction, thereby reducing regurgitant orifice area 
and regurgitant volume.*! This effect may not be very 
important for weak positive inotropes like digoxin. 
More potent positive inotropic drugs, such as milri- 
none and dobutamine, are more likely to induce a 
substantial reduction in regurgitant volume. 


SHUNTING DEFECTS. Ventricular septal defects (VSD) 
cause hemodynamic alterations similar to those ob- 
served in mitral regurgitation. Because the shunted 
blood is ejected from the left ventricle into a low- 
pressure reservoir (the right ventricle), the increase in 
wall stress and oxygen consumption is minimal. As in 
dogs with mitral regurgitation, myocardial function is 
relatively well preserved for a variable period of time, 
depending on the size of the defect. Arterial vasodila- 
tors decrease the LV-RV pressure gradient, thereby 
reducing the shunt fraction, slowing the progression 
of cardiac enlargement, and delaying the onset of 
heart failure.” In patients with a VSD, the size of the 
hole in the septum is fixed. Positive inotropic drugs do 
not effect any change in the volume of shunted blood. 

In other types of volume overload, such as PDA or 
aortic regurgitation, the LV must eject its entire stroke 
volume into the high-pressure aorta. Wall stress, myo- 


cardial work, and oxygen consumption are concomi- 
tantly higher, resulting in earlier development of myo- 
cardial failure.” In these circumstances, medical 
management consists of afterload reduction with arte- 
rial vasodilators or ACE inhibitors, diuretics to alleviate 
signs of congestion, and positive inotropic drugs to 
improve failing contractility. Surgical repair should be 
accomplished before irreversible myocardial failure en- 
sues. This is routinely accomplished in dogs with a 
PDA. 


Chronic Pressure Overload 


Acute, experimentally created aortic stenosis results 
in increased intraventricular pressure, causing wall ten- 
sion or stress during systole (afterload) to increase. 
This increased afterload initially results in an increase 
in end-systolic volume and a decrease in stroke volume. 
The myocardium responds to this pressure overload 
through concentric hypertrophy, wherein the sarco- 
meres replicate in parallel, causing the muscle fibers 
to thicken.'* Concentric hypertrophy returns systolic 
wall stress and end-systolic volume back to normal. 
However, capillary density and myocardial perfusion 
do not increase in proportion to the increase in muscle 
mass.** Chronic myocardial hypoxia results in prema- 
ture death of myocardial cells. Myocardial failure oc- 
curs in dogs with pulmonic stenosis and in some dogs 
with congenital subaortic stenosis as global myocardial 
function progressively declines.” The most common 
sequela of severe subvalvular aortic stenosis in dogs is 
sudden death from ventricular arrhythmia, presumably 
as a result of myocardial hypoxia.” Severe concentric 
hypertrophy and ischemia-induced myocardial fibrosis 
substantially compromise left ventricular compliance 
and can cause diastolic dysfunction. 

Successful treatment of left- or right-sided heart out- 
flow obstruction is best accomplished by relieving 
the obstruction, either by surgery or balloon valvu- 
loplasty.** 3” In those patients with signs of heart fail- 
ure, treatment with digoxin can provide modest im- 
provement, but congestive signs are best treated with 
exercise restriction, diuretics, and venodilators. Control 
of heart rate is important in patients with suspected 
compliance failure (severe hypertrophy or extensive 
myocardial fibrosis). The efficacy of ACE-inhibiting 
drugs has not been evaluated in dogs with outflow 
tract obstructions, but such therapy looks promising in 
experimentally created obstructions.* Arterial vasodi- 
lating drugs should be avoided in patients with severe 
outflow tract obstructions as they are likely to precipi- 
tate serious systemic hypotension and reflex tachycar- 
dia, thereby further diminishing myocardial perfusion. 


RIGHT- VERSUS LEFT-SIDED HEART FAILURE 


In animals with heart failure, congestion develops as 
a consequence of excessive venous pressure due to the 
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combined effects of increased plasma volume (sodium 
and water retention) and decreased venous capaci- 
tance (venoconstriction). With left-sided heart impair- 
ment, pulmonary venous pressures increase, resulting 
in pulmonary edema and signs of respiratory distress 
i.e., left-sided CHF). With right-sided heart impair- 
ment, systemic venous pressures rise, resulting in hepa- 
tomegaly and ascites (i.e., right-sided CHF). Because 
the capacitance of the splanchnic veins and the sys- 
temic venous reservoir is large, a rather substantial 
increase in blood volume is required to raise systemic 
venous pressure. As a result, right-sided congestive 
signs tend to develop slowly.” 

By comparison, the capacitance of the pulmonary 
veins is small. Relatively small changes in blood volume 
or its distribution can cause a rapid rise in pulmonary 
venous pressure and pulmonary edema. Sudden in- 
creases in sympathetic tone (fear, anxiety, exercise) 
constrict the splanchnic veins, causing a shift of the 
circulating blood volume from the systemic to the 
pulmonary venous reservoir. This is one reason for the 
often rapid onset of pulmonary edema in animals with 
left-sided heart failure. 


TREATMENT STRATEGIES 


ACUTE CONGESTIVE HEART FAILURE 


Acute heart failure can develop suddenly with the 
onset of a new and rapidly progressing disease or from 
exacerbation of a previously existing chronic disorder. 
Most affected dogs and cats suffer from a chronic, 
pre-existing cardiac disorder. Some owners discontinue 
previously prescribed diuretics, particularly when their 
pet begins to urinate excessively. A new arrhythmia, 
such as atrial fibrillation, can also precipitate signs of 
acute heart failure in a previously compensated pa- 
tient. Dietary changes or other environmental stresses 
occasionally precipitate heart failure. Identification of 
the underlying precipitating event helps guide therapy. 
Dogs with dilated cardiomyopathy are often presented 
with fulminating pulmonary edema due to acute de- 
compensated left-sided heart failure and profound 
myocardial failure. There is often no prior history of 
heart disease and no identifiable precipitating event. 
A number of drugs and therapies can be useful for 
treating acute CHF. 


TREATMENT PRIORITIES 


Pulmonary Edema Associated with Mitral 
Regurgitation or Dilated Cardiomyopathy 


In patients with acute, decompensated CHF, imme- 
diate priorities include 


1. Relief of life-threatening pulmonary edema, 

2. Maintenance of adequate systemic arterial blood 
pressure, and 

3. Adequate delivery of blood flow to vital tissues. 


One should select drugs with a rapid onset of action 
and proven hemodynamic benefits. Many drugs capa- 
ble of improving exercise capacity or prolonging sur- 
vival in patients with chronic heart failure are neither 
appropriate nor effective when administered to acutely 
decompensated patients. Conversely, many of the 
drugs used to optimize a patient’s prospects for short- 
term survival are not effective for increasing exercise 
capacity or prolonging survival when they are adminis- 
tered chronically. Treatment designed to realize long- 
term therapeutic goals should be implemented after 
the acutely ill patient is stabilized. 


OXYGEN SUPPLEMENTATION. Arterial hypoxemia can be 
best remedied by providing an oxygen-enriched envi- 
ronment and by rapidly reducing left atrial and pulmo- 
nary venous pressure. Oxygen cages provide oxygen 
concentrations (FIO,) in the range of 40 to 50 percent. 
Alternatively, oxygen can be administered via an intra- 
nasal catheter, providing oxygen concentrations as 
high as 90 percent, depending on the flow rate used.” 


INTRAVENOUS DIURETICS AND VASODILATORS. Acute re- 
duction of pulmonary venous pressure (and pulmo- 
nary edema) is achieved by IV administration of a 
potent vasodilator to redistribute intravascular fluid 
volume and IV administration of a potent diuretic to 
reduce total blood volume. Furosemide is a potent 
loop diuretic that should be administered IV when 
severe cardiogenic pulmonary edema is present. Large 
doses (2.2 to 4.4 mg/kg in dogs, 1.1 to 2.2 mg/kg in 
cats) may be administered frequently (initially every 1 
to 2 hours) until respiratory rate and dyspnea start to 
decline. Dosage should then be reduced (2 to 4 mg/ 
kg q 8 to 12 hr in dogs, 1 to 2 mg/kg q 8 to 12 hr 
in cats). Excessive dosing can lead to dehydration, 
electrolyte depletion, renal failure, low cardiac output, 
and circulatory collapse. Appropriate monitoring re- 
quires periodic determination of serum electrolytes 
and urine production. 

Sodium nitroprusside is an extremely potent, direct- 
acting, mixed vasodilator that is primarily used to res- 
cue dogs with life-threatening pulmonary edema 
caused by mitral regurgitation or dilated cardiomyopa- 
thy.*' In this circumstance, it may be more effective 
than furosemide for immediately decreasing left ven- 
tricular filling pressure, left atrial pressure, and pulmo- 
nary venous pressure. Its hemodynamic effects when 
used in animals with CHF include decreased right 
atrial and pulmonary capillary wedge pressures, de- 
creased systemic vascular resistance, and increased car- 
diac output.“ In dogs with mitral regurgitation, regur- 


224 ABNORMAL CARDIOVASCULAR FUNCTION AND PRINCIPLES OF THERAPY 


gitant volume can be markedly reduced as the LV-LA 
pressure gradient and area of the regurgitant orifice 
are diminished.” 

Following dilution in 5 percent dextrose, sodium 
nitroprusside is infused using a constant rate infusion 
pump (initial rate, 1.0 wg/kg/min). The rate of ad- 
ministration is titrated to effect by monitoring blood 
pressure (and ideally, pulmonary capillary wedge pres- 
sure), to a maximum dose of 10 ug/kg/min. In most 
cases, an infusion rate of 2.0 to 5.0 ug/kg/min suffices. 
Adverse side effects include hypotension, tachycardia, 
nausea, vomiting, and, with chronic administration, 
cyanide poisoning. Because of its short half-life, the 
serious consequences of profound hypotension are 
avoidable when patients are carefully monitored. Hy- 
potension is usually managed by slowing the rate of 
infusion. 

Alternatively, hydralazine tablets (crushed and 
mixed with water) can be administered (0.5 to 2.0 mg/ 
kg PO) in combination with a nitrate (either nitroglyc- 
erin ointment, 1/4 to 3/4 inch cutaneously to the 
pinna q 8 to 12 hr, or isosorbide dinitrate, 0.5 to 2.0 
mg/kg q 8 hr PO). This latter approach seems to 
work better in dogs with mitral regurgitation than with 
dilated cardiomyopathy. 


POSITIVE INOTROPES. Inotropic support is very im- 
portant with acute heart failure due to dilated cardio- 
myopathy, and it is also used to treat severely decom- 
pensated mitral regurgitation. Dobutamine and 
dopamine are synthetic catecholamines that are more 
efficacious than digoxin for acute management of pro- 
found myocardial failure. Because of their very short 
half-lives, they are best suited to short-term IV use. 
Efficacy is limited during chronic administration by 
down regulation of B-adrenergic receptors.” There- 
fore, these drugs are generally used only for 24 to 
72 hours. 

Dobutamine increases contractility with little change 
in heart rate or afterload. For this reason, it is pre- 
ferred over other sympathomimetic drugs for the treat- 
ment of heart failure. Dobutamine hydrochloride is 
administered by constant IV infusion (5.0 to 15.0 ug/ 
kg/min). In patients with CHF, the volume of the 
infusion should be minimized. With the recent avail- 
ability of generic drug supplies, treatment with dobu- 
tamine is now more affordable and practical in veteri- 
nary patients. 

Dopamine stimulates B,-receptors and, at high doses, 
also releases norepinephrine from sympathetic nerve 
terminals. At low doses (< 5.0 wg/kg/min), dopamine 
causes selective arteriolar dilation in renal, mesenteric, 
coronary, and cerebral vascular beds.* For this reason, 
it may be useful for treating patients with concurrent 
heart and renal failure. At high doses, dopamine 
causes generalized systemic arteriolar vasoconstriction, 
an undesirable effect with heart failure. Dopamine 


hydrochloride is administered by continuous IV infu- 
sion at 2 to 8 g/kg/min. 

The most common adverse effects observed with 
dobutamine or dopamine are tachycardia and arrhyth- 
mia. These effects are usually dose related and can be 
remedied by stopping or slowing the administration 
rate. 

Amrinone and milrinone are cardioactive bipyridines 
that increase myocyte concentrations of cyclic adeno- 
sine monophosphate (AMP) by phosphodiesterase in- 
hibition. These potent positive inotropes also have di- 
rect-acting arterial vasodilator properties.“ Amrinone 
and milrinone are currently available only as IV prepa- 
rations for short-term use in patients with decompen- 
sated heart failure. Neither has been used extensively 
in client-owned animals. In dogs, amrinone can be 
initially administered as a slow IV bolus (1.0 to 3.0 
mg/kg), and thereafter by constant IV infusion (10 to 
100 wg/kg/min). Milrinone is 10 to 30 times more 
potent than amrinone, but the dose of the IV prepara- 
tion is not well established. 

Commonly observed adverse effects of the bipyri- 
dines include a dose-related increase in heart rate; 
gastrointestinal signs, including diarrhea and anorexia; 
and at high doses, hypotension. Amrinone and milri- 
none also can induce or potentiate serious ventricular 
arrhythmia. 

Digoxin is a comparatively weak positive inotrope 
with a narrow margin of safety. In most cases, digitalis 
glycosides can be administered orally, starting at main- 
tenance dosage (dogs: 0.22 mg/m*, or 0.005 to 0.008 
mg/kg q 12 hr [subtract 10 percent if elixir is used]; 
cats: 2 to 3 kg, 0.0312 mg q 48 hr PO; 4 to 5 kg, 0.0312 
mg q 24 to 48 hr; > 6 kg, 0.0312 mg q 24 hr). Rapid 
intravenous digitalization is rarely necessary in dogs 
with acute heart failure except to control certain supra- 
ventricular tachyarrhythmias. 


Treatment of Serious Arrhythmias 


The most commonly encountered arrhythmias in 
dogs with acute heart failure are atrial fibrillation, 
atrial tachycardia, and ventricular tachycardia.'* ** Sub- 
stantial hemodynamic and clinical improvement can 
often be realized by successful treatment (chapter 18). 
Rapid oral digitalization is appropriate in dogs with 
atrial fibrillation and a rapid ventricular response and 
in those with paroxysmal or sustained atrial tachycar- 
dia. One practical method to hasten the achievement 
of therapeutic blood concentrations is simply to give 
the calculated maintenance dose three times rather 
than twice daily, for 1 or 2 days. The IV route is 
reserved for use in dogs with atrial fibrillation or sus- 
tained atrial tachycardia, an excessively fast heart rate 
(usually greater than 220 beats/minute), and life- 
threatening hemodynamic compromise. Intravenous 
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diltiazem may be a safer and more effective treatment 
in this situation. 

Immediately life-threatening ventricular tachycardia 
is most appropriately managed by the administration 
of IV lidocaine or procainamide (chapter 18). If hy- 
poxemia precipitated the arrhythmia, oxygen supple- 
mentation and relief of pulmonary edema are essen- 
tial. Acid-base and electrolyte disturbances should also 
be treated appropriately. If digitalis toxicity is a likely 
cause, the slow infusion of potassium salts or phenytoin 
may effectively abort the arrhythmia. 


Low-Output Heart Failure 


Clinical signs referable to low cardiac output and 
hypotension may accompany acute heart failure associ- 
ated with acute cardiac tamponade, massive pulmo- 
nary thromboembolism, or sudden myocardial depres- 
sion due to anesthetic or circulating toxins. Congestive 
signs and edema are usually absent initially because 
renal and neurohormonal compensatory responses 
that act to conserve sodium and water have not had a 
chance to operate. Low-output heart failure is best 
treated by resolving the precipitating event, by optimiz- 
ing preload, and by providing inotropic support. 


Acute Heart Failure in Feline Cardiomyopathy 


Cats with acute pulmonary edema due to hypertro- 
phic or restrictive cardiomyopathy require prompt, ag- 
gressive treatment. Because these animals have heart 
failure due to diastolic dysfunction, they do not benefit 
from positive inotropic drugs and may be made worse 
if arterial vasodilators are used. Therapy should be 
designed to relieve congestion and improve ventricular 
filling. Most affected cats respond initially to IV furose- 
mide (2 to 4 mg/kg) combined with cutaneous 2 
percent nitroglycerin ointment (1/8 to 1/4 inch ap- 
plied to the pinna q 8 hr) and supplemental oxygen 
therapy. After 24 to 48 hours, edema is usually reduced 
or resolved, and furosemide dosage should be re- 
duced. Additional drugs can then be administered 
to prevent thromboembolism, reduce heart rate, and 
improve diastolic filling. Calcium channel blockers and 
B-adrenergic receptor blockers have been advocated 
to improve LV filling and cardiac performance in cats 
with hypertrophic cardiomyopathy.’® Beta-blockers 
(propranolol or atenolol) are generally more effective 
than diltiazem in reducing heart rate. Some cats with 
chronic HCM or RCM present with acute respiratory 
distress caused by the accumulation of a large pleural 
effusion. Successful treatment requires drainage of the 
pleural space. Thereafter, treatment is based according 
to the dictates of the underlying disorder. 


CHRONIC CONGESTIVE HEART 
FAILURE 


CLINICAL CLASSIFICATION 


Human heart failure patients are often categorized 
into heart failure classes that are based upon exercise 
ability and severity of clinical signs. This New York 
Heart Association scheme has been modified for veteri- 
nary use as follows: Functional class I represents heart 
disease without exercise intolerance or signs of heart 
failure. Cardiomegaly is mild or absent. Functional class 
II denotes animals that exhibit cardiac-related exercise 
intolerance, however mild. These animals do not gen- 
erally display radiographic evidence of pulmonary 
edema, but substantial cardiomegaly is usually appar- 
ent. Patients with diastolic dysfunction due to left ven- 
tricular hypertrophy may exhibit minimal radiographic 
evidence of left ventricular enlargement. Functional 
class HT includes animals with signs of heart failure 
during normal activity. In animals with left-sided heart 
failure, radiographic changes include marked cardio- 
megaly or at least left atrial enlargement, distended 
pulmonary veins, perihilar congestion (dogs but not 
cats), and interstitial or alveolar infiltrates. In those 
patients with right-sided heart failure, the liver may be 
enlarged, ascites is usually modest or absent, pericar- 
dial and/or pleural effusion is present, and right-sided 
or generalized cardiomegaly is evident. Functional class 
IV animals are in severe heart failure and display obvi- 
ous clinical signs at rest or with minimal activity. Radio- 
graphs demonstrate pulmonary edema with left-sided 
heart failure, ascites or hydrothorax with right-sided 
heart or biventricular heart failure, and cardiomegaly. 


Limitations of Heart Failure 
Classification Schemes 


This classification scheme has obvious limitations. 
Exercise tolerance in dogs and cats is rarely deter- 
mined by any objective measure, and mild exercise 
limitations often go unnoticed. Thus, the distinction 
between class I and class II patients is often pragmati- 
cally based on radiographic heart size and cardiac 
function as judged by thoracic radiographs and/or an 
echocardiogram. Class III and class IV patients repre- 
sent advanced disease and are more easily identified. 
In addition to these difficulties, the optimal point in 
time (Fig. 12-7) when one or more cardiac drugs 
should be administered to prevent disease progression 
is largely unknown. 


DILATED CARDIOMYOPATHY AND MITRAL 
REGURGITATION 


Treatment of class I and class II patients with DCM 
or mitral regurgitation is controversial. In humans with 
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The optimal timing for initiating medical therapy in dogs or cats 
with progressive cardiovascular disease is uncertain and remains 
the focus of much debate. Compensatory neurohormonal 
responses are activated at different times and to varying degrees. 
This varies not only between types of heart disease but also within 
a particular disorder, depending upon the severity of its structural 
and functional derangements. Clinical studies will be required to 
clarify the best sequence or combination of drugs to combat the 
deleterious consequences of neurohormonal activation in heart 
failure. (Courtesy of Dr. Philip Fox, The Animal Medical Center.) 


class I asymptomatic left ventricular dysfunction due 
to ischemia or DCM, treatment with ACE inhibitors 
delayed the onset of CHF but did not prolong sur- 
vival.” One report suggests that the same result might 
be achieved in asymptomatic dogs with dilated cardio- 
myopathy,“ although this requires more extensive clin- 
ical evaluation. 

Treatment of class II patients with systolic dysfunc- 
tion generally includes discontinuation of strenuous 
activities or exercise and, potentially, an ACE inhibitor 
and digoxin (Fig. 12-8). Mild sodium restriction is 
sometimes advocated, but there is no evidence that it 
retards onset of heart failure, improves longevity, or is 
harmful. Currently, no drugs have been shown to alter 
the natural course of heart disease or prolong survival 
in class IT patients. 

Single-agent therapy with diuretics is usually not ad- 
vocated since these drugs activate neuroendocrine re- 
sponses that might hasten the progression of heart 
failure.** It is not known to what effect this is clinically 
important. Proponents of monotherapy with an ACE 
inhibitor claim that it delays the onset and retards the 
progression of heart failure by virtue of its ability to 
prevent sodium and water retention, moderate vaso- 
constriction, and modify the adverse consequences of 
tissue remodeling.** * Others have questioned the ef- 
ficacy of this approach, particularly in dogs with mitral 
regurgitation. Studies in Cavalier King Charles spaniels 
with mitral regurgitation suggest that activation of the 
renin-angiotensin system is not measurable, at least 
by plasma assays, until congestive signs are apparent 
(classes III and IV).*° More definitive recommenda- 
tions require further clinical study. 

An alternative regimen for class II patients is to use 
modest doses of diuretics (furosemide at 0.5 to 1.0 


mg/kg/day), digoxin (dosed to achieve a serum con- 
centration of about 1.0 to 1.5 ng/dl), in combination 
with ACE inhibitors (enalapril or lisinopril at 0.5 mg/ 
kg q 12 to 24 hr PO). This balanced pharmacologic 
approach is designed to improve clinical signs and to 
mitigate against the adverse consequences of neuro- 
hormonal activation. It has been argued that digoxin 
is unnecessary in dogs with endocardiosis that have no 
or only mild myocardial dysfunction, and that its use 
enjoins an unacceptable risk of adverse drug effects. 
Proponents of digitalis cite the importance of its effects 
on the autonomic nervous system, as well as its positive 
inotropic action.'* *' To date, there are no clinical 
trials in dogs or cats to indicate optimal therapies. 
Patients in functional class III have signs of heart 
failure during normal activity. Diuretics, ACE inhibi- 
tors, digoxin, salt-restricted diets, and curtailment of 
physical activity are often advised. Diuretics are admin- 
istered more frequently and at higher doses (furose- 
mide, 1 to 2 mg/kg q 12 hr PO) than in class II 
patients. ACE inhibitors (enalapril or lisinopril, 0.5 
mg/kg q 12 hr PO) are particularly beneficial for 
improving exercise capacity and delaying the onset of 
refractory heart failure.” They decrease the concentra- 
tion of plasma angiotensin II, a potent vasoconstrictor, 
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Treatment strategies for heart failure caused by systolic pump 
(myocardial) failure. In general, therapy escalates in proportion to 
the severity of clinical signs, as do the risks of adverse drug 
reactions and interactions. The benefits of using angiotensin- 
converting enzyme (ACE) inhibitors in all stages of heart failure 
are well established in dogs with dilated cardiomyopathy. Their 
efficacy in dogs with mitral regurgitation is less clear, particularly 
in class I and class II heart failure. The indication for digoxin is 
also controversial for treating dogs with early mitral regurgitation. 
Some clinicians advocate its use early in the course of heart failure, 
beginning in class I or II and continuing through class IV; others 
recommend digoxin only in the latter stages of heart failure 
(classes III and IV). High doses of furosemide, combinations of 
diuretics, and concurrent administration of vasodilators and ACE 
inhibitors are reserved for dogs in class IV heart failure. 
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which reduces systemic vascular resistance. This leads 
to increased forward blood flow. In dogs with mitral 
regurgitation, the left ventricle can then eject more 
blood into the aorta, thereby reducing the volume of 
blood regurgitated into the left atrium. In addition, 
plasma aldosterone is reduced, which leads to de- 
creased renal sodium and water retention. Digoxin is 
used in virtually all dogs with DCM, but there is less 
unanimity of opinion regarding the use of digoxin in 
dogs with mitral regurgitation at this stage. 

The same drugs used in class III patients are also 
used in class IV patients, but the doses used are usually 
titrated upward. Chronic therapy of class IV patients 
often requires a variety of drug combinations tailored 
to meet the needs of the individual patient. Such ag- 
gressive therapy engenders the unavoidable possibility 
of adverse drug reactions and often unexpected drug 
interactions. Digoxin is advised in class IV patients if it 
has not already been prescribed. High doses of furose- 
mide (2 to 4 mg/kg q 8 to 12 hr) or combinations of 
diuretics are often used to treat refractory edema. 
Addition of a different class of diuretic blocks the 
adaptive responses that limit single-agent therapy, re- 
sulting in a synergistic effect. We sometimes combine 
either chlorothiazide or hydrochlorothiazide with furo- 
semide to combat refractory edema. Daily treatment 
with furosemide and a thiazide diuretic often causes 
dehydration and electrolyte depletion, particularly in 
cats. Administration of a thiazide drug every 2 or 3 
days (in addition to furosemide) often resolves refrac- 
tory pulmonary congestion without causing dehydra- 
tion. Hypokalemia is uncommon in dogs but fre- 
quently occurs in anorectic cats receiving diuretics. 
It can be prevented or minimized by oral potassium 
supplementation or, theoretically, by adding spirono- 
lactone (1.0 to 2.0 mg/kg q 12 hr PO) to the treatment 
regimen. 

An arterial vasodilator and/or a nitrate can be 
added to conventional therapy in dogs with pulmonary 
edema that is refractory to treatment with furosemide, 
an ACE inhibitor, and digoxin. A conservative ap- 
proach is to add a nitrate first. Other more potent 
vasodilators can be added subsequently, if necessary. 
Nitroglycerin ointment can be applied cutaneously, 
but the dose and efficacy of this modality are uncer- 
tain. Two other nitrates, isosorbide dinitrate and its 
major metabolite isosorbide mononitrate, are available 
for oral therapy. Safe and effective dosages of these 
two drugs have not been determined in dogs or cats 
by controlled clinical trials. Therefore, it is advisable 
to start low and titrate upward to effect (see section 
on pharmacology of nitrates). A dosage-free interval, 
typically 10 to 12 hours long, is advised when using 
nitrates to avoid the phenomenon of tolerance. 

Some patients with systolic (myocardial) failure im- 
prove with more aggressive afterload reduction. In 
dogs with mitral regurgitation, hydralazine increases 


forward stroke volume and decreases regurgitant flow, 
resulting in a decrease in left atrial pressure and reduc- 
tion in pulmonary edema.” Hydralazine also improves 
renal clearance and increases the effectiveness of furo- 
semide.” 

Another vasodilator, amlodipine, can be used for the 
same purpose as hydralazine. *’ Amlodipine blocks 
the calcium channels in vascular smooth muscle to 
effect arterial vasodilation. It has reduced symptoms 
and improved exercise tolerance in humans with CHF 
without increasing cardiovascular morbidity or mortal- 
ity. In fact, amlodipine prolongs survival of human 
patients with dilated cardiomyopathy.” The efficacy of 
this compound in dogs with dilated cardiomyopathy 
or chronic degenerative valve disease has not been 
determined. Preliminary clinical observations suggest 
that amlodipine is efficacious in dogs with heart failure 
complicated by systemic hypertension and in normo- 
tensive dogs with refractory heart failure due to mitral 
regurgitation. Its 30-hour half-life allows once-daily 
dosing, but, concomitantly, its peak effect is not real- 
ized for 4 to 7 days.” This long half-life of amlodipine 
is disadvantageous should adverse effects, such as hypo- 
tension, occur. 

The concomitant administration of an ACE inhibitor 
and arterial vasodilator must be approached cautiously 
since hypotension severe enough to produce severe 
weakness, renal failure, and death can result. Arterial 
vasodilators, especially hydralazine, can cause reflex 
tachycardia, necessitating use of a negative chrono- 
tropic agent. A digitalis glycoside is generally the first 
choice for this purpose; a f-adrenergic receptor 
blocking agent, such as propranolol, is the second 
choice, but many of these agents decrease contractility. 


TRICUSPID REGURGITATION 


Tricuspid regurgitation (TR) results in a volume 
overload of the right-sided heart in the same fashion 
that mitral regurgitation causes volume overload of the 
left-sided heart. The function of the right ventricular 
myocardium in TR is unknown; it may be normal 
or depressed. Tricuspid regurgitation resulting from 
chronic acquired valve disease (endocardiosis) occurs 
mainly in dogs with concurrent mitral regurgitation, 
but it sometimes appears as an isolated problem. It is 
important to ascertain whether pulmonary hyperten- 
sion is present, as it can greatly augment the volume 
of regurgitant flow. Therapy of right-sided heart failure 
due to TR generally includes diuretics, an ACE inhibi- 
tor, and digitalis. Orally administered drugs may be 
poorly absorbed, and doses may have to be adjusted 
accordingly. In some cases, parenteral administration 
of furosemide is needed for initial stabilization. Re- 
peated abdominocentesis is often required when asci- 
tes is refractory to drug therapy. 

Tricuspid regurgitation can also develop as a conse- 
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quence of pulmonary hypertension and right-sided 
heart dilatation. Successful treatment of pulmonary 
hypertension reduces tricuspid regurgitant flow and 
lowers right atrial pressure. This outcome can some- 
times be accomplished in dogs with heartworms but 
is otherwise difficult. High doses of calcium channel 
blockers are effective in some human patients with 
idiopathic pulmonary hypertension.” When congeni- 
tal tricuspid dysplasia occurs as an isolated lesion, it is 
treated medically as described earlier. When tricuspid 
dysplasia occurs together with pulmonic stenosis, treat- 
ment of pulmonic stenosis (balloon valvuloplasty or 
surgery) will lower right ventricular systolic pressure, 
thereby decreasing regurgitant flow. Surgical repair or 
replacement of the tricuspid valve can also be consid- 
ered. 


PATENT DUCTUS ARTERIOSUS 


Definitive treatment of dogs with a PDA can be 
accomplished either by surgical ductal ligation or by 
transcatheter ductal occlusion using coils or other de- 
vices (see Fig. 24-46) (chapters 24, 39). Dogs with 
congestive heart failure and myocardial failure are 
treated in the same way as dogs with DCM, except that 
the PDA should be occluded as soon as the animal is 
stabilized. An IV positive inotrope, such as dobuta- 
mine, should be administered during surgery and in 
the early postoperative period in these cases to offset 
the myocardial depressant effects of anesthesia. 


AORTIC INSUFFICIENCY 


Aortic regurgitation is most commonly caused by 
bacterial endocarditis (chapter 26). Signs of heart fail- 
ure often develop suddenly, and rapid progression is 
the rule. Acute therapy consists of diuretic adminis- 
tration in combination with an ACE inhibitor or vaso- 
dilators. Chronic therapy consists of digoxin, diuretics, 
ACE inhibitors, and/or vasodilators (usually hydrala- 
zine). Prognosis is poor. Most dogs that are severely 
affected die within weeks of diagnosis. 


PULMONIC STENOSIS 


Right-sided heart failure is a common sequela to 
severe pulmonic stenosis. Medical treatment consists 
of exercise restriction, sodium restriction, digoxin, 
and, most importantly, diuretics (the value of ACE 
inhibitors is unknown). Relief of the obstruction offers 
the best chance of long-term survival. Balloon valvu- 
loplasty is the preferred treatment for those lesions 
amenable to this approach (chapter 9); surgical repair 
is also an option (chapter 39). Some dogs develop a 
dynamic muscular outflow tract obstruction following 
repair of the stenotic valve. Treatment with a B-adren- 


ergic blocker or calcium channel blocking drugs can 
be used to abolish or reduce the obstruction. 


AORTIC STENOSIS 


Left-sided heart failure is uncommon in dogs with 
valvular or subvalvular aortic stenosis (SAS) unless 
there is concurrent mitral valve dysplasia. This combi- 
nation of defects is particularly difficult to treat, and 
the outcome is usually unsatisfactory. Occasionally, 
dogs with isolated (subvalvular) aortic stenosis develop 
congestive heart failure.” Contractile indices are usu- 
ally reduced, but diastolic compliance failure may also 
play a role. The left ventricle is usually extensively 
hypertrophied, and there is a substantial amount of 
myocardial fibrosis. Exercise seems to worsen conges- 
tive signs, and sudden death is a common sequela. 
Conservative doses of furosemide are necessary to con- 
trol edema when present, since the hypertrophied left 
ventricle is dependent on moderately elevated filling 
pressures to ensure optimal loading and stroke vol- 
ume. Digoxin provides inotropic support and may im- 
prove diastolic filling by reducing heart rate. The value 
of ACE inhibition is unknown. Direct-acting arterial 
vasodilators can precipitate severe hypotension and 
should be avoided. 


SYSTEMIC HYPERTENSION 


It is uncommon for systemic hypertension to pro- 
duce signs of left-sided heart failure. While LV hyper- 
trophy is commonly documented using echocardiogra- 
phy in hypertensive dogs and cats, the left atrium is 
not generally enlarged. More often, heart failure re- 
sults when systemic hypertension complicates some 
pre-existing condition, such as mitral regurgitation. 
The most common disease associated with systemic 
hypertension in dogs is renal disease or hyperadreno- 
corticism; in cats, renal disease or hyperthyroidism is 
usually causative (chapter 35). 

When systemic hypertension is associated with CHF, 
it is treated aggressively using diuretics, vasodilators, 
ACE inhibitors, B-adrenergic blockers, and calcium 
channel blocking agents. Calcium channel antagonists 
and B-blockers must be used cautiously if myocardial 
failure is present. We currently favor amlodipine for 
treating systemic hypertension. For cats weighing less 
than 5.0 kg, the dose is 0.625 mg sid PO® (may be 
titrated to 2.5 mg bid if necessary); for cats over 5.0 
kg, 1.25 mg sid is used initially. The best dose of 
amlodipine for dogs is uncertain,” but it may be initi- 
ated at 0.05 to 0.10 mg/kg sid to bid PO. The dose is 
titrated to effect, up to 2.0 mg/kg sid, recognizing that 
the plateau concentration is not achieved until 5 to 7 
days after commencing therapy. Refractory cases may 
respond to combined treatment with amlodipine and 
atenolol. 


HEART FAILURE: PRINCIPLES OF TREATMENT, THERAPEUTIC STRATEGIES, AND PHARMACOLOGY 229 


REFRACTORY CHRONIC HEART FAILURE 


Most animals with chronic heart failure suffer from 
a degenerative or heritable disease for which there is 
no known cure. However, some have an identifiable 
systemic disorder that precipitates decompensated 
heart failure (e.g., systemic hypertension, systemic in- 
flammation, neoplasia, hypothyroidism, anemia, pneu- 
monia, hyperadrenocorticism, pulmonary thromboem- 
bolism, and renal failure) (chapter 33). Congestive 
heart failure may be alleviated when these complicat- 
ing disorders are identified and treated. Therefore, it 
is always advisable to measure blood pressure, obtain 
current radiographs and an electrocardiogram (ECG), 
and obtain a complete clinical pathology data base. 
The precise cause of worsening heart failure is often 
difficult to identify. Echocardiography is desirable in 
all cats and dogs with refractory heart failure. Other 
specialized diagnostic procedures, including ambula- 
tory ECG recordings and invasive measurement of in- 
tracardiac or vascular pressures, are sometimes re- 
quired to guide therapy. The inherent risks and 
complications of treatment are always greatest in ani- 
mals with refractory heart failure. Referral to a special- 
ist should be sought before embarking on an unfamil- 
iar or unconventional treatment protocol. 


DRUGS USED IN TREATING 
HEART FAILURE 


POSITIVE INOTROPIC AGENTS 


A number of agents are available to treat myocardial 
failure. Table 12-2 summarizes the clinically important 


properties of the commonly used positive inotropic 
drugs. 


DIGITALIS GLYCOSIDES 


Since their auspicious beginning in the treatment of 
dropsy by William Withering® in 1785, the digitalis 
glycosides have been embroiled in controversy regard- 
ing their use, mechanism of action, and efficacy. They 
have become the most studied of all cardiac drugs, 
with reports documenting efficacy®* or lack of effi- 
cacy in the treatment of heart failure. In a land- 
mark double-blind, placebo-controlled study of 6800 
humans with heart failure and reduced ejection frac- 
tion, digoxin reduced the rate of overall hospitaliza- 
tion but had no effect on mortality (survival). The 
latter distinguished it from other, more potent positive 
inotropes that increase mortality.” This study popula- 
tion represented different diseases compared with 
those that affect dogs and cats. Therefore, direct ex- 
trapolation is uncertain. 

There is great individual variability in patient re- 
sponses to digoxin, and it has been difficult to define 
therapeutic end-points.” In one study, only 5 of 22 
treated dogs had a measurable increase in contractility, 
but those 5 lived significantly longer than the dogs 
that did not respond in this fashion.” However, the 
inability to measure an inotropic response by routine 
echocardiographic measurements does not preclude a 
positive inotropic effect or an efficacious clinical re- 
sponse to digoxin.****' Treatment with digoxin 
should not be abandoned on this basis, nor should it 
be universally embraced based on its theoretic benefits. 
Because some patients respond to its use, digoxin 
should be tried in most dogs with myocardial failure. 


TABLE 12-2 
Commonly Used Positive Inotropic Drugs 
Generic Brand 
Group Name Name Mechanism of Action Extracardiac Effects Toxicity Dosage Range* 
0.22 mg/m” q12h (dogs) or 
5 r Lanoxin 0.005-0.008 mg/kg 
Digoxin Cardoxin Anorexia, nausea, q12h(dogs) 
Increased Ca** availability Autonomic effects: vomiting, 0.005-0.008 mg/kg q24h 
Digitalis Glycosides Inhibition of Na* /K* | sympathetic outflow diarrhea (cats) 
ATPase Î parasympathetic tone Neurologic signs 
Cardiac arrhythmia oss kg q8-12h (dogs) 
gle Nee oe .033 mg/kg q8- (dogs 
Digitoxin Crystodigin Not'used ineat 
Alpha, and beta, receptor Tachycardia 5.0-20.0 pg/kg/min (dogs) 
Dobutamine oa stimulation Cardiac arrhythmia 2.5-10.0 pg/kg/min (cats) 
Sympathomimetic venericS Increased Ca* * availability 
Amines Increases cAMP via beta,- Selective renal vasodilation Tachycardia 2-5 pg/ke/min 
Dopamine Generics receptor stimulation at low infusion rates Cardiac arrhythmia 
Generalized vasoconstriction Nausea, anorexia 
at high infusion rates Phlebitis 
Bipyridine Amrinone Inocor 1-3 mg/kg slow IV, then 
Compounds Increased Ca* * availability Cardiac arrhythmia 10.0-100.0 pg/kg/min 
Phasphodiesierase ee E 
(PDE) Inhibitors Milinene -Primacor 50 pg/kg slow IV, then 


0.375-0.75 pg/kg/min 


*See text for discussion. 
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If no benefit is realized in the face of adverse side 
effects, digoxin should be discontinued. 


PHARMACODYNAMICS. The digitalis glycosides increase 
contractility in normal myocardium and may also do 
so in failing myocardium. Their positive inotropic ef 
fect in normal myocardium is about one third that of 
the sympathomimetics (e.g., dopamine, dobutamine) 
and bipyridine compounds (e.g., amrinone, milri- 
none). The effect of digitalis on the Na*-K*-ATPase 
pump located on myocardial cell membranes is 
thought to account for its positive inotropic effect.” 
Digitalis competitively binds to the site at which K* 
normally attaches. This effectively stops pump activity,” 
which increases the intracellular Na* concentration. 
The cell counters by exchanging intracellular Na* for 
extracellular Ca++. These excess intracellular Ca** 
ions, which are bound by the sarcoplasmic reticulum 
during diastole, are subsequently released onto the 
contractile proteins during systole, causing increased 
contractility.” 

The sarcoplasmic reticulum of damaged myocardial 
cells may be unable to bind as much Ca** during 
diastole or to release as much Ca** during systole.” If 
all or most myocardial cells are badly damaged, it 
seems unreasonable to expect digitalis to cause a sub- 
stantial increase in contractility. Poor contractility and 
elevated diastolic Ca*+* concentrations could result. 
Cells that are overloaded with Ca** may be electrically 
unstable.’ If digitalis did increase intracellular Ca* + 
in this situation, further electrical instability and ar- 
rhythmia formation could occur. 

The digitalis glycosides exert other important ef- 
fects. A therapeutic digoxin plasma concentration par- 
tially restores baroreceptor reflexes, which are blunted 
in heart failure patients; digitalis glycosides increase 
parasympathetic nerve activity to the sinus node, atria, 
and AV node.'* *' Digoxin decreases overall sympa- 
thetic outflow, and the plasma norepinephrine concen- 
tration typically decreases following digitalization.** As 
a result, heart rate usually declines. Digitalis glycosides 
also produce direct effects that help slow AV nodal 
conduction and prolong the AV nodal refractory pe- 
riod. They are often used as antiarrhythmic agents, 
mostly for controlling supraventricular tachyarrhyth- 
mia. 


PHARMACOKINETICS. The pharmacokinetics of the two 
most commonly used digitalis glycosides, digoxin and 
digitoxin, are remarkably different despite their similar 
molecular structures. Approximately 60 percent of di- 
goxin in tablet form is absorbed after oral administra- 
tion, whereas about 75 percent of that in the elixir is 
absorbed. There is very little hepatic metabolism of 
digoxin, so almost all the drug that is absorbed reaches 
the serum. Twenty-seven percent of digoxin is bound 
to albumin in the serum.* In dogs, the serum half 


life of digoxin varies from 23 to 39 hours.** ® Much 
interpatient variability exists. Digoxin is mainly ex- 
creted in the urine via glomerular filtration and renal 
secretion. About 15 percent is metabolized in the liver. 
Renal failure reduces renal clearance, total body clear- 
ance, and volume of distribution, resulting in an in- 
creased serum digoxin concentration.*® Digoxin is 
poorly lipid soluble, whereas digitoxin is lipid soluble. 

Drug accumulation occurs until a steady-state serum 
concentration is reached. It takes one halflife to 
achieve 50 percent of the steady-state serum concentra- 
tion, two half-lives to reach 75 percent, three half-lives 
to reach 87.5 percent, and so forth. Thus, it takes 
about five halflives (i.e, 5 to 7 days) for digoxin 
concentrations to reach steady state. Therapeutic se- 
rum digoxin concentrations are between 1.0 and 2.5 
ng/ml.® The clinical trend has been to target the low 
end of this range. 

The pharmacokinetics of digoxin in the cat are con- 
troversial. The half-life is variable, ranging from 25.6 
to 50.6 hours in one study (mean, 33.5 hours),** and 
39.4 to 78.8 hours in another (mean, 57.8 hours).*? 
The first study reported that the halflife of digoxin 
increased dramatically to an average of 72.7 hours after 
prolonged oral administration. The elixir formulation 
results in a serum concentration approximately 50 per- 
cent higher than that of tablet formulation. Most cats 
dislike the taste of the alcohol-based elixir, and tablets 
are better tolerated. When digoxin tablets are adminis- 
tered with food, serum concentrations are reduced by 
about 50 percent compared with the concentrations 
without food.” 

Digitoxin has superior pharmacokinetic properties 
in the dog compared with digoxin.” Because its half- 
life is only 8 to 12 hours in this species, therapeutic 
serum concentration can be achieved more rapidly 
than with digoxin, and serum concentration decreases 
more quickly if a dog becomes toxic. Ninety-five to 
one hundred percent of orally administered tincture 
of digitoxin is absorbed; about 90 percent of the drug 
is bound to serum protein, so a higher dose of digi- 
toxin is needed relative to digoxin. Digitoxin is ex- 
creted by the liver, and it can be used safely in dogs 
with renal failure without adjusting the dose. In the 
cat, the halflife of digitoxin exceeds 100 hours.®! 


CLINICAL USES AND EFFICACY. The digitalis glycosides 
are indicated for the treatment of myocardial failure 
and certain supraventricular tachyarrhythmias. Myo- 
cardial failure is present in all patients with dilated 
cardiomyopathy; often it develops in dogs with 
chronic, severe aortic regurgitation or a PDA; and it 
may or may not be present in dogs with heart failure 
secondary to mitral regurgitation. Its benefit with mild 
myocardial dysfunction is unknown. Digitalis is not 
indicated for hypertrophic cardiomyopathy or pericar- 
dial disease. 
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The digitalis glycosides are moderately effective for 
treating supraventricular premature depolarizations 
and supraventricular tachycardia and for controlling 
the ventricular rate in atrial fibrillation. Heart rate 
control in dogs with atrial fibrillation often requires 
the combined use of digoxin and calcium channel 
blocker or a B-adrenergic receptor blocker (chapter 
18). Digitalis should be used cautiously in the face 
of ventricular tachyarrhythmias, as the proarrhythmic 
effects of digitalis are always a clinical concern. 


DIGOXIN. In small dogs (< 20 kg), twice daily adminis- 
tration of digoxin at 0.005 to 0.008 mg/kg PO gener- 
ally achieves steady-state serum concentrations of be- 
tween 1.0 and 2.0 ng/ml. Larger dogs (> 20 kg) 
require a lower dosage per body weight than smaller 
dogs. The digoxin dosage can be based on body sur- 
face area (0.22 mg/m?* of body surface area q 12 
hr PO).”! When maintenance doses of digoxin are 
administered, a therapeutic serum concentration is 
often achieved within 2 to 4.5 days, depending on the 
initial dose. In one study of dogs given 0.022 mg/kg 
of digoxin every 24 hours, the serum concentration 
was within therapeutic range by the second day.” Load- 
ing doses designed to achieve therapeutic drug con- 
centrations in a short period of time are occasionally 
used to treat serious supraventricular arrhythmias. In- 
travenous digitalization is generally reserved for dogs 
with severe, acute heart failure and a sustained, life- 
threatening supraventricular tachycardia. It should be 
given slowly over at least 15 minutes, to avoid periph- 
eral vasoconstriction and increased afterload. For less 
urgent situations, a therapeutic serum digoxin concen- 
tration can be achieved quickly if the usual mainte- 
nance dose is simply administered every 8 hr for 1 or 
2 days. If there is acute need for positive inotropic 
support, dobutamine or amrinone is safer and more 
efficacious than loading doses of digoxin. 

It is often necessary to modify (reduce) the usual 
maintenance dose of digoxin. In one study, the digoxin 
dose (0.005 to 0.23 mg/kg/day) was plotted against 
serum concentration in dogs with heart failure, and 
the correlation coefficient (0.39) was statistically sig- 
nificant but weak (1.0 is a perfect correlation).°° Thus, 
the milligram per kilogram of body weight dose is 
only one of a number of variables to consider when 
administering digoxin. Digoxin is poorly lipid soluble, 
so obese dogs require lower doses than thin dogs. 
Since most of the digitalis absorbed is bound to skele- 
tal muscle, patients with reduced muscle mass 
(cachexia) should be treated with reduced doses. If 
digitalis is required in a dog with renal failure, the 
dose of digoxin is reduced by 50 percent or more and 
subsequently adjusted based on the serum digoxin 
concentration. Formulas devised for humans to calcu- 
late a reduced digoxin dosage in the face of renal 
failure are not applicable to dogs.*® °* There appears 


to be no correlation between the degree of azotemia 
and serum digoxin concentration in the dog.” 

Older dogs should be dosed very cautiously because 
many have decreased muscle mass and renal insuffi- 
ciency. The dose of digoxin (mg/kg of body weight) 
must be reduced in patients with ascites (10 percent 
with mild, 20 percent with moderate, and 30 percent 
with severe ascites) because digoxin does not diffuse 
or bind with ascitic fluid. The need for dosage adjust- 
ments in patients with thyroid dysfunction is controver- 
sial. Hypothyroidism may reduce digoxin clearance.” 
Hyperthyroid patients have variable sensitivity to di- 
goxin. 

Digoxin is the only recommended digitalis glycoside 
for felines.” Cats tolerate the elixir form of digoxin 
poorly. Therefore, tablets are generally administered. 
For cats weighing less than 3 kg, digoxin is given at 
one fourth of a 0.125-mg tablet every other day; for 
cats weighing 4 to 5 kg, 1/4 tablet is given every 24 to 
48 hr; for cats over 6 kg, 1/4 tablet is given daily. 

A number of drug interactions can affect digoxin 
pharmacokinetics. Quinidine displaces digoxin from 
skeletal muscle binding sites and reduces its renal 
clearance, resulting in an increased serum digoxin 
concentration.” Although quinidine also displaces di- 
goxin from myocardial binding sites, the net effect 
is an increased likelihood of intoxication,” and this 
combination should be avoided. If both drugs must be 
used together, the digoxin dosage is reduced by 50 
percent.” A number of other drugs, including ver- 
apamil, also increase the serum digoxin concentra- 
tion. Drugs that alter hepatic microsomal enzymes 
may affect digoxin pharmacokinetics, since about 15 
percent of digoxin is metabolized in the liver.'*? Drugs 
that induce hepatic microsomal enzymes, such as phe- 
nylbutazone and the barbiturates, tend to increase di- 
goxin clearance, whereas drugs that inhibit hepatic 
enzymes, such as chloramphenicol and tetracycline, 
should increase the serum digoxin concentration. 
However, one study indicated that chloramphenicol 
actually decreases serum digoxin concentration in 
dogs.” Such findings emphasize the desirability of 
monitoring serum digoxin concentrations 3 to 7 days 
after commencing therapy and whenever signs of toxic- 
ity are observed. 


DIGITOXIN. The dose of digitoxin in dogs is 0.033 mg/ 
kg q 8 to 12 hr PO.” In general, small dogs should 
receive the dose every 8 hours and large dogs every 12 
hours. The cumulative daily dose in small dogs would 
be greater than that for large dogs on a per-weight 
basis but similar on a per-body surface area basis. Digi- 
toxin should not be used in cats as its halflife exceeds 
100 hours.” 


ASSESSING EFFICACY. A complete data base, including 
BUN, serum creatinine, and electrolytes, should be 
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evaluated before administering digoxin. Factors that 
alter the dosage (obesity, cachexia) must be noted. 
Clear client communication is important to help detect 
signs of toxicity or improvement during early therapy. 
A reduction in heart rate, resolution of a supraventric- 
ular arrhythmia, and clinical improvement are identi- 
fiable therapeutic end-points. In most patients, how- 
ever, the effects of digoxin are uncertain. Many human 
patients do not recognize the benefits of digoxin until 
treatment is later withdrawn and their symptoms 
worsen.” 7! If clinical improvement is not observed, 
the dosage of digoxin should not be increased until its 
serum concentration has been measured and found to 
be subtherapeutic (< 0.8 ng/ml). 

Ideally, each patient should have serum digoxin con- 
centration measured 3 to 7 days after initiating ther- 
apy. The serum sample should be acquired 6 to 8 
hours after the last dose. The therapeutic range for 
serum digoxin concentration is somewhat controver- 
sial but can generally be considered to be between 0.8 
and 2.0 ng/ml. A serum concentration greater than 
2.5 ng/ml is usually considered toxic, and digoxin 
administration is discontinued until the serum concen- 
tration is less than 2.5 ng/ml. Subsequent digoxin 
doses should be reduced accordingly. 


DIGITALIS TOXICITY. Therapeutic end-points include 
clinical improvement or attainment of a therapeutic 
serum concentration. Progressive dosing until signs of 
toxicity occur or until the P-R interval is prolonged is 
not justified.'"* The incidence of digoxin toxicity in 
humans is between 13 and 23 percent while 11 to 36 
percent of patients have been identified as underdigi- 
talized.'” In one canine study, 25 percent of dogs 
receiving digoxin had a serum concentration in the 
toxic range, and 24 percent had a subtherapeutic con- 
centration.” In the enalapril clinical studies (Freedom 
of Information Summary #315), 15.3 percent of 222 
dogs had serum concentrations greater than 3.0 ng/ 
ml and 9.1 percent had clinical signs consistent with 
digoxin toxicity. 

In our experience, clinically significant digitalis tox- 
icity is uncommon if the drug is used judiciously. It 
occurs most frequently because of dosage errors in 
administration, particularly during initial stages of di- 
goxin administration when renal function deteriorates 
unexpectedly; and when the dose is not reduced in 
concert with weight loss (cachexia). Problems from 
digitalis intoxication fall into three general classes: (1) 
signs of gastrointestinal dysfunction, (2) neurologic 
signs, and (3) myocardial toxicity. Anorexia and vom- 
iting are probably due to the direct effect of the digi- 
talis molecule on chemoreceptors located in the area 
postrema in the medulla.'® Although gastrointestinal 
signs of toxicity usually occur before signs of myocar- 
dial toxicity, this generalization is not always the case, 
particularly when digoxin is administered IV. Digoxin 


can also cause depression, disorientation, and delir- 
ium. 

Myocardial toxicity is the most serious complication 
of digoxin administration. Toxic doses disrupt the nor- 
mal cardiac electric activity (chapter 16). Digitalis di- 
rectly slows conduction and alters the refractory period 
of myocardial cells, making it easier for re-entrant 
arrhythmia to develop. Sympathetic nerve activity to 
the heart can increase when high doses of digoxin are 
administered, resulting in increased normal automa- 
ticity.” Digitalis promotes abnormal automaticity in 
myocardial cells that do not usually depolarize sponta- 
neously. Late afterdepolarizations (attributed to cel- 
lular Ca** overload, especially induced in myocardium 
that has been stretched and exposed to a hypokalemic 
environment) may be caused by digitalis and result in 
arrhythmia. 

Myocardial toxicity can take the form of almost every 
known rhythm disturbance. Frequently encountered 
bradyarrhythmias include second-degree AV block, si- 
nus bradycardia, and sinus arrest. Digitalis can also 
induce supraventricular premature depolarizations, 
atrial tachycardia, and junctional arrhythmias. At times 
it may be difficult or impossible to determine whether 
an arrhythmia is due to digitalis or to the underlying 
heart disease. The combination of tachycardia and 
impaired conduction is highly suggestive of digitalis- 
induced problems. A ventricular tachyarrhythmia ap- 
pearing in a dog taking digitalis should generally be 
regarded as digitalis-induced until proved otherwise. 

Massive digitalis overdose can produce hyperkalemia 
and possibly hyponatremia.’ This is probably caused 
by digitalis inhibition of the Na*-K*t-ATPase pumps 
throughout the body. 

Hypokalemia is an important predisposing cause of 
digitalis myocardial toxicity. Digitalis and potassium 
compete for the same binding site on the membrane 
Na*-K*-ATPase pump. Hypokalemia leaves more bind- 
ing sites available for digitalis binding. In turn, hyper- 
kalemia displaces digitalis from the myocardium. Hy- 
percalcemia and hypernatremia potentiate the positive 
inotropic and toxic effects of digitalis, whereas hypocal- 
cemia and hyponatremia reduce these effects. 


TREATMENT OF DIGITALIS INTOXICATION. Gastrointesti- 
nal signs related to overdose are treated by drug with- 
drawal and correction of fluid and electrolyte abnor- 
malities. Conduction disturbances usually require only 
digitalis withdrawal, although atropine administration 
is occasionally needed for severe bradyarrhythmias. 
Ventricular tachycardia should be treated aggressively 
with lidocaine (see Fig. 18-26), especially when ventric- 
ular tachycardia is present (chapter 18).''° 1"! Lido- 
caine may be given as an initial bolus (2 to 4 mg/kg 
IV over l to 2 minutes), followed by continuous infu- 
sion of 30 to 100 pg/kg/min for arrhythmia control. 
Cats are more sensitive to the neurotoxic effects of 
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lidocaine, so dose reduction (0.25 to 1 mg/kg IV ad- 
ministered over 5 minutes) and cautious administra- 
tion are recommended. 

Phenytoin can also be used for the treatment of 
digitalis-induced arrhythmias in the dog. It has proper- 
ties similar to those of lidocaine. When given IV, the 
drug vehicle can produce hypotension and exert a 
depressant effect on the myocardium.'” The total IV 
dose is 10 mg/kg, administered in 2-mg/kg increments 
over 3 to 5 minutes. Phenytoin can also be adminis- 
tered orally (35 mg/kg q 8 hr).!!* 

The serum potassium concentration should always 
be determined in patients intoxicated with digitalis; if 
it is less than 4.0 mEq/L, potassium supplements 
should be administered, preferably in IV fluids. Potas- 
sium competes with digitalis for binding sites on the 
Na*-K*-ATPase pump and provides a more suitable 
environment for the antiarrhythmic agents to work. 

Other agents may be beneficial in certain situations. 
Propranolol may be useful for digitalis-induced ventric- 
ular tachyarrhythmia, but not when conduction block 
is present. Quinidine increases the serum concentra- 
tion of digoxin and should not be used. Procainamide 
is less effective than other drugs in treating digitalis- 
induced arrhythmia. Cholestyramine, a steroid-binding 
resin, may be useful in cases of digitoxin and early 
digoxin intoxication.'* Cholestyramine binds digitalis 
in the intestinal tract. Digitoxin undergoes enterohep- 
atic circulation and so can be bound by this resin. 
In contrast, digoxin undergoes minimal enterohepatic 
circulation, and treatment with cholestyramine is only 
useful soon after overdose. Cardiac glycoside-specific 
antibodies have been used to bind digitalis glycosides 
in the blood stream and thus remove them from myo- 
cardial binding sites." 


SYMPATHOMIMETIC AMINES 


PHARMACODYNAMICS. Sympathomimetic amines in- 
crease myocardial contractility by binding to cardiac 
B-adrenergic receptors.''® An occupied B-receptor is 
coupled with stimulatory G protein, G,, to activate 
adenyl cyclase within the cell. Adenyl cyclase cleaves 
adenosine triphosphate (ATP) to cyclic adenosine 
monophosphate (cAMP), which acts as a second mes- 
senger by stimulating a cellular protein kinase system. 
Protein kinases phosphorylate intracellular proteins, 
such as the sarcoplasmic reticulum, allowing them to 
bind more calcium during diastole and to release more 
calcium during systole. ° 

Most sympathomimetic drugs increase contractility 
about 100 percent above baseline, but many are unsuit- 
able for treating heart failure because of other proper- 
ties. Sympathomimetic agents stimulate both B- and a- 
adrenergic receptors. The degree to which each type 
of receptor is stimulated depends on the specific 
drug." Isoproterenol is a pure B-adrenergic stimulat- 


ing agent that increases contractility and heart rate, is 
arrhythmogenic, and tends to decrease blood pressure. 
Norepinephrine increases contractility but also stimu- 
lates peripheral a-adrenergic receptors. The latter con- 
strict systemic arterioles, which increases blood pres- 
sure. Epinephrine increases contractility but causes 
tachycardia and is arrhythmogenic. None of these 
drugs are suitable for treating heart failure. Dopamine 
and dobutamine are more suitable because they are 
less arrhythmogenic, and they produce smaller in- 
creases in heart rate than do other sympathomimetic 
drugs.!'* 


PHARMACOKINETICS. Sympathomimetic drugs have 
very short half-lives (several minutes) and must be 
administered IV as a constant-rate infusion. They can- 
not be given orally because they are metabolized exten- 
sively by the liver (first-pass effect).''° An infusion 
pump is generally required to deliver these drugs at 
an appropriate dosage because of the low flow rates 
needed to avoid excessive plasma volume expansion in 
patients with heart failure. 


Dopamine 


Dopamine is the precursor of norepinephrine. It 
stimulates cardiac B,-adrenergic receptors as well as 
peripherally located dopaminergic receptors.’ The 
latter appear to be located most prevalently in the 
renal and mesenteric vascular beds, where they pro- 
duce vasodilation. Dopamine improves contractility 
and increases cardiac output in patients with heart 
failure. At low doses, it causes selective dilatation of 
arterioles in the renal, mesenteric, coronary, and cere- 
bral vascular beds, increasing blood flow to these areas. 
At high doses, it causes generalized systemic arteriolar 
vasoconstriction. In patients with heart failure, the re- 
sulting increase in afterload can substantially diminish 
cardiac output. In some human patients with chronic 
heart failure, dopamine causes increased ventricular 
filling pressures and edema formation.'*! 

The dosage is 1 to 8 wg/kg/min (5-ml vials con- 
taining 40, 80, or 160 mg/ml), diluted in 5 percent 
dextrose. Doses greater than 8 wg/kg/min result in 
norepinephrine release and increased peripheral vas- 
cular resistance.'” Higher infusion rates are also more 
likely to cause tachycardia and cardiac arrhythmia. An 
initial dose of 2 wg/kg/min may be titrated upward to 
effect. Dopamine infusions sometimes cause nausea 
and anorexia. Phlebitis and ischemic tissue necrosis 
can occur when dopamine is delivered outside the 
vein. 


Dobutamine 


Dobutamine is a synthetic catecholamine that stimu- 
lates B,-adrenergic receptors, increasing myocardial 
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contractility, and weakly stimulates peripheral B.- and 
a-adrenergic receptors. Since the vascular response to 
such stimulation is balanced, systemic arterial blood 
pressure is usually unchanged during dobutamine in- 
fusion. Dobutamine is less arrhythmogenic than 
most other sympathomimetic drugs, and it produces 
little increase in heart rate. When administered to 
a patient with acute or chronic myocardial failure, 
dobutamine increases cardiac output and decreases 
ventricular diastolic pressure, thereby decreasing 
edema formation. Dobutamine is used to treat acute, 
severe heart failure, often in combination with nitro- 
prusside, until inotropic support is no longer needed 
or until other longer-acting positive inotropic agents, 
such as digoxin, have taken effect. Dobutamine can 
also be used to treat acute exacerbations of chronic 
heart failure requiring acute inotropic support. There 
is some evidence that intermittent administration of 
dobutamine to humans with chronic myocardial fail- 
ure can result in sustained improvement in cardiac 
function.!?! 125 

Dobutamine is supplied in 20-ml vials containing 250 
mg of drug. Following dilution in 5 percent dextrose, it 
is administered IV by constant-rate infusion, 5 to 20 
ug/kg/min. The positive inotropic effect of dobuta- 
mine is dosage dependent. Doses of 5 to 15 wg/kg/ 
min are generally adequate. Infusion rates greater than 
20 wg/kg/min often produce tachycardia or arrhyth- 
mia in dogs. Infusion rates of 5 to 10 wg/kg/min are 
recommended in cats. 


BIPYRIDINE COMPOUNDS 


Amrinone and milrinone are bipyridine compounds 
available only for IV administration. Bipyridine com- 
pounds primarily act as inhibitors of phosphodiester- 
ase III,“ '’° an intracellular enzyme that specifically 
breaks down cAMP in cardiac myocytes. When phos- 
phodiesterase II is inhibited, intracellular cAMP con- 
centration increases, resulting in greater calcium avail- 
ability to the contractile proteins. At high doses, 
amrinone and milrinone may increase contractility by 
directly altering calcium ion transport.** 1 Milrinone 
is about 30 to 40 times more potent than amrinone. 
Bipyridine compounds also produce arteriolar dila- 
tion, an effect that is probably also mediated by phos- 
phodiesterase inhibition in smooth muscle.” 


Amrinone 


In normal anesthetized dogs, an IV bolus of amri- 
none (1.0 to 3.0 mg/kg) increases contractility 60 to 
100 percent, decreases systemic arterial blood pressure 
10 to 30 percent, and increases heart rate 5 to 10 
percent. The maximal increase in contractility occurs 
5 minutes after injection. The positive inotropic effect 


decreases by 50 percent within 10 minutes and is dissi- 
pated within 20 to 30 minutes, indicating the necessity 
for constant infusion. Infusion rates of 10 to 100 ug/ 
kg/min increase contractility 30 to 90 percent in anes- 
thetized dogs and 10 to 80 percent in unanesthetized 
dogs. In the anesthetized dog, infusion of 10 wg/kg/ 
min does not decrease blood pressure, whereas 30 wg/ 
kg/min decreases it 10 percent and 100 g/kg/min 
decreases it 30 percent. Heart rate does not increase 
at 10 wg/kg/min, elevates by 15 percent at 30 pg/kg/ 
min, and increases by 20 percent at 100 wg/kg/min. 
In anesthetized dogs with drug-induced myocardial 
failure, amrinone infusions increase contractility 40 to 
200 percent above baseline and increase cardiac out- 
put by 80 percent. Constant-rate infusions in dogs take 
about 45 minutes to reach peak effect. In normal cats, 
amrinone infused at 30 g/kg/min increases contrac- 
tility 40 percent above baseline; the peak effect occurs 
90 minutes after starting an infusion.'** 

The hemodynamic effects of amrinone have not 
been studied in dogs or cats with naturally occurring 
heart failure. Treatment recommendations are based 
on information obtained from normal dogs. Amrinone 
(Inocor), 5 mg/ml, 20-ml ampules, is advocated only 
for short-term administration to animals with severe, 
decompensated systolic pump failure. The initial dose 
is 1 to 3 mg/kg as a slow IV bolus followed by constant- 
rate infusion of 10 to 100 wg/kg/min. One half the 
initial bolus may be administered 20 to 30 minutes 
after the first bolus. The same regimen may be effec- 
tive in the cat. 

Amrinone has a wide margin of safety. Exacerbation 
of ventricular arrhythmia occurs in about 5 percent 
of dogs treated with milrinone for heart failure, and 
amrinone is presumed to exert similar effects. Amri- 
none causes thrombocytopenia and flulike symptoms 
in a small percentage of humans,'* but these have not 
been noted in studies of normal dogs. 


Milrinone 


Milrinone (Primacor) is currently marketed only for 
IV administration to human patients and has not been 
studied in dogs with acute myocardial failure. Clinical 
evaluation of chronic oral administration has been 
performed in dogs, but this formulation has not been 
approved for use in humans or animals. In normal 
anesthetized dogs, IV milrinone dosed at 30 to 300 
g/kg increases contractility 40 to 120 percent while 
decreasing diastolic blood pressure 10 to 30 percent.'* 
Peak effect occurs within l to 2 minutes. Milrinone’s 
effect on contractility is reduced by 50 percent in 10 
minutes, and the inotropic effect is essentially gone in 
30 minutes. Constant rate IV infusions (1 to 10 pg/ 
kg/min) increase contractility 50 to 140 percent, with 
peak effect in 10 to 30 minutes. Humans with CHF are 
treated with a loading dose (50 mg/kg) administered 
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slowly IV over 10 minutes, followed by maintenance 
infusion (0.375 to 0.75 ug/kg/min). Guidelines for 
dogs with CHF have not been published. Dogs gener- 
ally have a greater hemodynamic response to amri- 
none and milrinone than do humans. 

In normal conscious dogs, milrinone administered 
orally at 0.10 mg/kg increases contractility 30 percent 
above baseline; a dose of 0.30 mg/kg increases contrac- 
tility 50 percent above baseline; and a 1.0 mg/kg dose 
increases contractility more than 80 percent above 
baseline. Systemic arterial blood pressure is essentially 
unchanged at these doses, while heart rate increases 
up to 30 percent at the 1.0 mg/kg dose. In the normal 
anesthetized cat, a constant-rate infusion of 1.0 pg/ 
kg/min increases contractility about 40 percent, with 
peak effect occurring within 30 minutes. 

Echocardiographic parameters of dogs with myocar- 
dial failure (predominantly DCM) improved during a 
4-week treatment regimen with milrinone (0.5 to 1.0 
mg/kg q 12 hr PO). Ventricular arrhythmia worsened 
in a small percentage of dogs.'*' In another study of 
canine dilated cardiomyopathy, cardiac index in- 
creased 54 percent, stroke volume index increased 40 
percent, and pulmonary capillary pressure decreased 
50 percent. Heart rate increased 11 percent, and left 
ventricular end-systolic diameter, measured from the 
M-mode echocardiogram, decreased 9 percent, while 
blood pressure remained constant, indicating in- 
creased contractility.'** 


DIURETICS 


These drugs are among the most commonly pre- 
scribed cardiac medications, both for acute treatment 
of pulmonary edema and for chronic maintenance 
therapy. When used appropriately, diuretics have high 
efficacy and relatively low and predictable toxicity. 


CLASSIFICATION. Diuretics are classified according to 
their site of action within the nephron (Table 12-3). 
In general, agents that act on the loop of Henle are 
the most potent. Three classes of diuretics are used 
clinically in dogs to treat heart failure: thiazide diuret- 
ics, loop diuretics, and potassium-sparing diuretics. 
They differ in their ability to promote salt and water 
excretion and in their mechanism of action. The loop 
diuretics are the most potent and may be used in small 
doses in functional class II patients and in higher doses 
in patients in functional classes III and IV heart failure. 
They are administered orally for chronic therapy or 
parenterally for acute, severe heart failure. Thiazide 
diuretics are mildly to moderately potent agents. They 
are most commonly used in conjunction with a loop 
diuretic in patients with severe, refractory CHF. Potas- 
sium-sparing diuretics are generally reserved for those 
patients that become hypokalemic with other diuretics, 
or that are refractory because of an elevated plasma 
aldosterone concentration. In the latter situation, a 
potassium-sparing diuretic is usually administered in 
conjunction with another drug, usually a loop diuretic. 


MECHANISMS. Diuretics promote urine flow by increas- 
ing renal plasma flow or by altering nephron function. 
Diuretics that increase renal plasma flow by expanding 
plasma volume (e.g., mannitol, glucose) are contrain- 
dicated in heart failure because they increase venous 
pressures and edema formation. Agents altering neph- 
ron function increase urine production either by in- 
terfering with ion transport in the renal tubules or 
by opposing the action of aldosterone or antidiuretic 
hormone (ADH) in the kidney. Since the goal of di- 
uretic therapy in heart failure is promotion of salt 
and water loss, agents that cause only water loss by 
interfering with ADH are not routinely used. Diuretics 
interfere with ion transport by altering (1) intracellu- 
lar ionic entry, (2) energy generation and utilization 
for ion transport, or (3) ion transfer from the cell 


TABLE 12-3 
Commonly Used Diuretics 
Electrolyte and Acid-Base Adverse Effects, 
Diuretic Class Generic Name Brand Name Mechanism of Action Effects Drug Interactions Dosage Range 
Loop Diuretics Furosemide Lasix Ascending loop of Henle: 7 HCO; Hypovolemia 1.1-4.4 mg/kg q8-24h 
inhibits Na/K/Cl ļ Na', Cl-, K', Mg*'! = Ototoxicity (dogs) 
symport Metabolic alkalosis NSAIDs (efficacy) 0.5-2.2 mg/kg q12h (cats) 
Aminoglycosides 
Thiazide Diuretics Chlorothiazide Diuril Distal tubule: T HCOs, Ca++ Hyperglycemia Diuril: 20-40 mg/kg q12h 


Hydrochlorothiazide HydroDIURIL Inhibits NaCL symport 


Potassium-Sparing Spironolactone Aldactone Collecting duct: 
Diuretics Aldosterone antagonist 
Triamterene Dyrenium Collecting duct: 


Inhibits Na conductance Metabolic acidosis 


ļ Na+, Cl , K*, Mg'+ 
Metabolic alkalosis 


Uric acidemia 
NSAIDs (efficacy) 


(dogs) 

HydroDIURIL: 2.0-4.0 mg/ 
kg q12h (dogs) (given 
every 3rd day when used 
with loop diuretics) 

TK Gynecomastia 1.0-2.0 mg/kg q12h (dogs) 

ACE inhibitors 

(hyperkalemia) 

ACE inhibitors 

(hyperkalemia) 


T K+, Mg*> 1.0-2.0 mg/kg q12h (dogs) 


NSAIDs, nonsteroidal anti-inflammatory drugs; ACE, angiotensin-converting enzyme. 
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to the peritubular capillaries through the antiluminal 
membrane.” 


Loop Diuretics 


These include furosemide, ethacrynic acid, and bu- 
metanide. Furosemide is the most commonly used 
agent; ethacrynic acid is rarely given. Bumetanide is 
40 to 50 times as potent as furosemide and may offer 
some clinical advantages, most notably more complete 
absorption with oral dosing.'** However, its use has not 
been popularized in dogs and cats. All loop diuretics 
inhibit active sodium, potassium, and chloride reab- 
sorption in the thick portion of the ascending loop of 
Henle.'** In so doing, they inhibit sodium and obliga- 
tory water reabsorption in the nephron. The loop 
diuretics are capable of increasing the maximal frac- 
tional excretion of sodium to 23 percent of the filtered 
load, making them the most powerful natriuretic 
agents available. In addition to their diuretic effects, 
they may act as venodilators, decreasing venous pres- 
sures shortly after IV administration and before diure- 
sis takes place.” 


FUROSEMIDE. Furosemide (Lasix, Disal) is supplied as 
a 10-mg/ml elixir, as 12.5-, 20-, 40-, and 50-mg tablets 
for oral use,“ and as a 50-mg/mL solution for IV, 
subcutaneous, or intramuscular injection. Furosemide 
is highly protein bound and is not extensively metabo- 
lized in the dog and cat. Most is secreted into the 
proximal tubule, where it acts as a mild carbonic anhy- 
drase inhibitor. Furosemide decreases renal vascular 
resistance, thereby increasing renal blood flow. When 
administered IV, its onset of action is 5 minutes, and 
its peak effect occurs within 30 minutes. Its half-life is 
15 minutes, and duration of effect is 2 hours. After 
oral administration, the onset of action occurs within 
60 minutes, its peak effect occurs within 1 to 2 hours, 
and its effect lasts 6 hours. The oral canine dose ranges 
from 1 mg/kg every other day to 4 mg/kg q 8 hr, 
depending on the severity of the clinical signs associ- 
ated with congestive heart failure and the concurrent 
use of other drugs. Lower doses (e.g., 1 to 2 mg/kg q 
12 hr) should be used in dogs receiving an ACE inhibi- 
tor. The dose is always adjusted as low as possible while 
still controlling congestive signs. Oral furosemide 
doses in cats range from 1 mg/kg every 2 to 3 days, to 
2 mg/kg q 12 hr. We have occasionally used higher 
doses (4 mg/kg q 12 hr) in refractory CHF. 

Severe pulmonary edema requires immediate IV fu- 
rosemide administration (dogs, 2 to 8 mg/kg q 1 to 2 
hr; cats, 2 to 4 mg/kg q 1 to 2 hr). Such intensive 
dosing may result in hyponatremia, hypokalemia, and 
dehydration, which must be addressed after the life- 
threatening pulmonary edema has been controlled. 
These conditions usually selfcorrect when the patient 
eats and drinks. Electrolyte disturbances may result in 


exacerbation of ventricular arrhythmias, and hypoka- 
lemia may induce or potentiate digitalis intoxication. 
Serious electrolyte disturbances and dehydration are 
rare in dogs treated with furosemide, but cats are more 
sensitive. Cats rarely require more than 2 to 4 mg/kg 
q 2 to 4 hr IV for treatment of severe pulmonary 
edema.” 

A number of factors can limit the natriuretic effect 
of furosemide in patients with heart failure.” As a 
result of progressive reductions in cardiac output, re- 
nal blood flow and glomerular filtration decline, 
decreasing the delivery of furosemide to its site of 
action. With chronic use of furosemide, the distal tu- 
bule hypertrophies, and the rate of sodium reabsorp- 
tion increases. Nonsteroidal anti-inflammatory drugs 
(NSAIDs) also reduce the efficacy of furosemide. Sev- 
eral strategies can be used to overcome these limita- 
tions. The dose or frequency of administration can be 
increased, or furosemide can be administered paren- 
terally.!3 Bumetanide is better absorbed orally and can 
be substituted for furosemide. Alternatively, different 
classes of diuretics can be combined to block the adap- 
tive responses that limit single-agent therapy.'*” 18 


Thiazide Diuretics 


These agents inhibit the Na*/Cl~ cotransporter in 
the distal convoluted tubule.’ The subsequent in- 
crease in delivery of Na*, Cl~, and water into the 
collecting duct directly enhances K* and H+ secretion 
in this location. Thus, thiazide diuretics can induce 
hypokalemia and metabolic alkalosis. They also act to 
waste magnesium and increase calcium reabsorption. 
Only mild-to-moderate renal sodium loss is promoted 
by thiazide diuretics, about one third to one half that 
achieved with the loop diuretics. Thiazide diuretics 
increase renal sodium excretion from a normal value 
of about 1] percent to 5 to 8 percent of the filtered 
load. Thiazide diuretics are much less effective when 
renal blood flow is low, which may explain their lack of 
efficacy in patients with severe heart failure. Thiazide 
diuretics are not as effective in patients with renal 
failure, and they tend to decrease renal blood flow 
and further compromise renal function. 

A synergistic effect results when thiazide diuretics 
are administered together with loop diuretics.!*” 18 
Addition of a thiazide diuretic every 2 or 3 days often 
resolves refractory pulmonary congestion without caus- 
ing excessive volume depletion. Hypokalemia is more 
common in animals treated with furosemide and a 
thiazide diuretic. This can sometimes be prevented 
by oral potassium supplementation and/or by adding 
spironolactone to the therapeutic regimen. 

Chlorothiazide and hydrochlorothiazide are the 
most commonly used thiazide diuretics in dogs and 
cats. Both are well absorbed after oral administration. 
The action of chlorothiazide begins within | hour, 
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peaks at 4 hours, and lasts 6 to 12 hours. In dogs, the 
dosage of chlorothiazide (Diuril), supplied in 250- and 
500-mg tablets, is 20 to 40 mg/kg q 12 hr PO. Hydro- 
chlorothiazide has an onset of action within 2? hours, 
peaks at 4 hours, and lasts 12 hours. The dose of 
hydrochlorothiazide (HydroDIURIL), supplied in 25- 
and 50-mg tablets, is 2 to 4 mg/kg q 12 hr PO in dogs, 
and l to 2 mg/kg q 12 hr PO in cats. The newer, 
more lipid-soluble thiazides, trichloromethiazide and 
cyclothiazide, have not been studied in the dog or cat. 


Potassium-Sparing Diuretics 


This class of diuretics includes spironolactone and 
triamterene. They act by inhibiting the action of aldo- 
sterone on distal tubular cells. Their diuretic effect is 
mild in normal animals because the plasma aldoste- 
rone concentration is relatively low. In normal dogs, 
these drugs increase the maximal fractional excretion 
of sodium only to 2 percent of the filtered load.'*° 
These agents are probably more effective in dogs with 
heart failure and increased plasma aldosterone con- 
centrations. When potassium-sparing diuretics are ad- 
ministered with other diuretics, potassium loss is de- 
creased. They are often administered to patients that 
become hypokalemic because of another diuretic 
agent. 

Spironolactone is well absorbed from the gastroin- 
testinal tract (62 percent), and it is extensively and 
rapidly metabolized to the active product, canren- 
one.'*' Canrenone is structurally similar to aldoste- 
rone, and its effects result from competitive binding 
to aldosterone’s binding sites in the distal tubule. Spi- 
ronolactone has a slow onset of action, and its peak 
effect does not occur until 2 to 3 days after administra- 
tion. The use of spironolactone for CHF has been 


advocated for several other reasons. It is theorized 
that spironolactone can reduce myocardial fibrosis in 
patients with heart disease, and it may help restore 
normal baroreceptor function in heart failure.’ The 
clinical importance of these effects is not known. The 
dose of spironolactone (Aldactone), supplied in 25-mg 
tablets, is 2 to 4 mg/kg/day PO in dogs. 

Triamterene competitively displaces aldosterone 
from its binding sites and directly inhibits the distal 
tubular transport of potassium.” Its action begins 
within 2 hours, peaks at 6 to 8 hours, and lasts 12 to 
16 hours. In dogs, the dose is 2 to 4 mg/kg/day PO. 
It is used only rarely in dogs or cats with heart failure. 


LOW-SODIUM DIETS 


A diet low in sodium is one means of reducing 
circulating blood volume. Sodium is retained in heart 
failure patients by a variety of mechanisms, including 
activation of the renin-angiotensin-aldosterone system. 
Diuretic therapy as a modality for reducing total body 
sodium and blood volume has been discussed pre- 
viously. Patients with severe heart failure that are re- 
fractory to diuretic administration have the greatest 
need for a low-sodium diet. Patients with early and 
mild heart failure generally do not need marked salt 
restriction. Chapter 32 details the dietary and sodium 
requirements in heart failure. 


VASODILATORS AND ACE INHIBITORS 


A number of different drugs relax arteriolar or ve- 
nous smooth muscle to cause vasodilation (Table 12- 
4). Vasodilators are generally classified as arteriolar 


TABLE 12-4 
Commonly Used Vasodilators 
Venous Arteriolar 

Group Generic Name Brand Name Mechanism of Action Dilation Dilation Dosage Range* 

Direct Acting Hydralazine Apresoline Uncertain + +++ 0.5-3.0 mg/kg q12h (dogs) 

Nitrates Nitroprusside Nipride Nitric oxide donors +++ FE 2.0-5.0 g/kg/min (dogs) 
Nitroglycerin (2%) Nitro-Bid, Nitrol +++ + 1/2''/5.0 kg q8h (cats, dogs) 
Nitroglycerin patch Nitro-Dur +++ + 0.1-0.2 mg/hr (cats, dogs) 
Isosorbide dinitrate Isordil TEE + 0.2-2.0 mg/kg q12h (dogs) 
Isosorbide mononitrate Monoket, Imdur +++ + 0.2-2.0 mg/kg q12h (dogs) 

Calcium Channel Amlodipine Norvasc Inhibit L-type, voltage- + +++ 0.05-0.20 mg/kg q24h (dogs) 

Blocking Drugs sensitive, calcium 0.625 mg q24h (cats < 5 kg) 

channels 1.25 mg q24h (cats > 5 kg) 

Adrenergic Prazosin Minipress Alpha,-adrenergic receptor +++ + 1.0 mg q8h (dogs < 15 kg) 

Receptor Blocking antagonists 2.0 mg q8h (dogs > 15 kg) 

Drugs 

ACE Inhibitors Benazepril Lotensin Inhibit generation of ++ +F 0.25 mg/kg q24h (cats, dogs) 
Enalapril Enacard, Vasotec angiotensin H ++ ++ 0.5 mg/kg q12-24h (dogs) 
Lisinopril Prinivil, Zestril Decrease bradykinin ++ ++ 0.5 mg/kg q12-24h (dogs) 


metabolism 


*See text for discussion. 
ACE, angiotensin-converting enzyme. 
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dilators, venodilators, or combination (balanced) arte- 
riolar and venodilators. The effect of a particular agent 
depends on (1) the vascular bed(s) it influences (sys- 
temic, pulmonary, or both), and (2) its relative po- 
tency in these locations. With a few exceptions, the 
effect of these drugs on the pulmonary vasculature is 
erratic or insignificant relative to their action on the 
systemic vascular bed. 

Arteriolar vasodilators relax the smooth muscle of 
systemic arterioles, decreasing peripheral vascular re- 
sistance or impedance. This decreases systemic arterial 
blood pressure, systolic intraventricular pressure, and 
systolic myocardial wall stress (afterload). When the 
force that opposes myocardial fiber shortening is re- 
duced, myocardial cells can shorten further, and stroke 
volume increases. This is the desired and primary ef- 
fect when these drugs are administered to patients 
with dilated cardiomyopathy. In animals with mitral 
regurgitation or intracardiac or vascular shunts beyond 
the atrial level, arteriolar vasodilators also reduce re- 
gurgitant and shunt blood flow. In animals with severe 
mitral regurgitation, regurgitant flow is reduced be- 
cause of diminution in the size of the regurgitant 
orifice and reduction of the LV-LA pressure gradient. 
Decreased regurgitant flow results in reduced left atrial 
pressure, pulmonary capillary pressure, and pulmo- 
nary edema formation. 

Venodilators relax systemic venous smooth muscle, 
decreasing systemic venous pressure and increasing 
the capacitance of the systemic venous reservoir. The 
resulting redistribution of blood from the heart and 
pulmonary veins reduces ventricular diastolic and pul- 
monary venous pressures, causing diminished edema 
formation. Venodilators are used in the same situations 
as diuretics and low-sodium diets. 


AMLODIPINE 


Amlodipine (Norvasc) acts predominantly as an ar- 
teriolar vasodilator.'"' It is a member of the 1,4-dihy- 
dropyridine family of calcium channel blocking drugs. 
In humans, amlodipine reduces the symptoms of heart 
failure, substantially improving exercise tolerance in 
most patients.'* In contrast to many other calcium 
channel blocking drugs, amlodipine does not increase 
cardiovascular morbidity or mortality. In a recent study, 
amlodipine prolonged survival in humans with dilated 
cardiomyopathy.'” The safety and efficacy of this com- 
pound in dogs with dilated cardiomyopathy or degen- 
erative valve disease have not yet been determined. 
Preliminary observations suggest that amlodipine may 
be efficacious in dogs with either of these conditions. 
Amlodipine is also efficacious for the treatment of 
systemic hypertension in cats (chapter 35). 

With oral administration, amlodipine’s peak effect 
is observed in 4 to 7 days, reflecting its 30-hour half 
life in dogs.’ '° In experimental studies, once-daily 


treatment of renal hypertensive dogs using oral amlod- 
ipine at 0.05 mg/kg caused a substantial reduction (20 
mmHg) in mean arterial blood pressure.'** Chronic, 
once-daily administration of amlodipine (0.2 mg/kg 
PO) lowered blood pressure without causing tachycar- 
dia. Administration of a single 1.0 mg/kg oral dose to 
hypertensive dogs reduced blood pressure (a 30- 
mmHg decline) with a peak effect 8 hours postadmin- 
istration. This dosage caused reflex tachycardia that 
could be abolished by simultaneous administration of 
a B-receptor blocking drug. In another experiment 
involving dogs with experimental renal hypertension, 
systolic and diastolic blood pressure declined by 30 
mmHg following a single oral dose of 0.3 to 0.4 
mg/kg.'* 

A safe and effective dose of amlodipine for treating 
dogs or cats with heart failure has not been established. 
Based on our own preliminary results, it is reasonable 
to attempt to palliate chronic, refractory heart failure 
in dogs using amlodipine at an initial dose of 0.05 
mg/kg PO bid, and titrating upward to 0.20 mg/kg, 
depending on the response. Arterial blood pressure 
should be monitored 6 to 8 hours after the initial dose 
and at intervals until the peak effect is observed 5 to 
7 days later. Amlodipine is supplied as 2.5-mg tablets. 


HYDRALAZINE 


Hydralazine (Apresoline) is a pure arteriolar vasodi- 
lator that probably acts by increasing the prostacyclin 
concentration in systemic arterioles.'"” Hydralazine de- 
creases resistance in renal, coronary, cerebral, and 
mesenteric vascular beds more than in skeletal muscle 
beds.'** Increased renal blood flow can improve renal 
function (if initially depressed) and thereby enhance 
digoxin excretion and improve furosemide delivery 
to the nephron.! The effects of orally administered 
hydralazine have been studied in dogs. >! Hydrala- 
zine is well absorbed from the gastrointestinal tract but 
undergoes first-pass hepatic metabolism by acetyla- 
tion.? Although hydralazine is not excreted by the 
kidney, its biotransformation is affected by renal fail- 
ure, which may increase serum concentration. 

The vasodilating effect occurs within 1 hour after 
oral administration and peaks within 3 hours. The 
effect is then stable for the next 8 to 10 hours, after 
which it rapidly dissipates. The net duration of effect 
is about 12 hours.!*! Hydralazine decreases regurgitant 
flow, increases forward aortic flow and venous oxygen 
tension, and decreases radiographic evidence of pul- 
monary edema in dogs with mitral regurgitation.” !*3 
Therapeutic dosage decreases mean arterial blood 
pressure from 100 to 110 mmHg to 60 to 80 mmHg. 
These effects improve the quality of life and may pro- 
long survival time. In dogs with dilated cardiomyopa- 
thy, hydralazine improves cardiac output but usually 
does not decrease pulmonary edema. In humans, com- 
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bined use of hydralazine and isosorbide dinitrate im- 
proves survival and the quality of life.” 

Clinical use of hydralazine is generally limited to 
dogs that do not tolerate ACE inhibitors or that be- 
come refractory to conventional heart failure therapy 
(i.e., digoxin, furosemide, an ACE inhibitor, and low 
salt diet). Hydralazine can also be used to treat dogs 
with acute, fulminating congestive left-sided heart fail- 
ure secondary to severe mitral regurgitation when ni- 
troprusside infusion is not possible. Its rapid onset of 
action and short half-life make hydralazine a better 
choice than amlodipine for this purpose. 

The hemodynamic effects of hydralazine are dose 
dependent, and overdosing can result in serious hypo- 
tension, particularly when administered to a dog al- 
ready receiving an ACE inhibitor. Consequently, the 
dose must be titrated carefully, starting low and gradu- 
ally increasing until clinical or hemodynamic improve- 
ment is noted. Systemic arterial blood pressure should 
be measured either by invasive or noninvasive methods 
in this circumstance. Hydralazine is supplied in 10- 
and 25-mg tablets. A dose of 0.5 mg/kg PO should be 
administered initially to dogs in heart failure due to 
severe mitral regurgitation. An effective dose is con- 
firmed by a decrease in systolic or mean systemic arte- 
rial blood pressure of 15 to 30 mmHg. Clinically, re- 
duced capillary refill time, pinker mucous membranes, 
and regression of pulmonary edema suggest efficacy. 
If the initial dose is not effective, it is titrated gradually 
upward (increments of 0.5 mg/kg) until a beneficial 
effect is documented or a total dose of 3.0 mg/kg q 
12 hr is achieved. 

In dogs with acute, fulminating heart failure due to 
severe mitral regurgitation that are not already receiv- 
ing an ACE inhibitor, hydralazine titration can be 
more aggressive. An initial dose of 2.0 mg/kg may be 
administered initially along with IV furosemide. Blood 
pressure monitoring is strongly encouraged, because 
this dose may produce hypotension. The risks of treat- 
ment are well warranted in patients with life-threaten- 
ing pulmonary edema. 

Hydralazine can cause reflex tachycardia, particu- 
larly when blood pressure declines in patients with low 
plasma catecholamine concentrations. Hydralazine- 
mediated histamine release contributes to the tachycar- 
dia by stimulating norepinephrine release. Patients 
with elevated plasma catecholamine concentrations 
may not experience tachycardia when hydralazine is 
administered. When dogs with congestive heart failure 
are treated with hydralazine, about one third of the 
dogs experience tachycardia, one third have no change 
in heart rate, and one third experience a decrease in 
heart rate. Digoxin can be administered to help con- 
trol hydralazine’s tendency to increase heart rate. 

Hydralazine causes vomiting in some dogs. Reducing 
the dose to 0.25 to 0.5 mg/kg q 12 hr for 1 or 2 weeks 
and then increasing the dose to its therapeutic range 


may be effective in resolving this complication. In 
other cases, persistent vomiting necessitates the use 
of a different vasodilator. Hydralazine’s most serious 
adverse effect is hypotension. Mild hypotension, indi- 
cated clinically by signs of weakness and depression, 
does not require treatment. Such signs will abate 
within 10 to 12 hours after the last dose of hydralazine. 
The dose should then be reduced. 

Other direct-acting vasodilators that act indepen- 
dently of the calcium channel include endralazine, 
cadralazine, minoxidil, dipyridamole, and pinacidil. 
None have been evaluated in dogs or cats with heart 
failure. 


ALPHA-ADRENERGIC BLOCKING AGENTS 
Prazosin 


Prazosin (Minipress) is an arteriolar and venodilat- 
ing agent. It acts primarily by blocking a-adrenergic 
receptors and also peripherally inhibits phosphodies- 
terase.'°* Since prazosin does not block a.-adrenergic 
receptors, norepinephrine release is still controlled via 
negative feedback. Reflex tachycardia is generally not 
seen. The vasodilating effects of prazosin become at- 
tenuated after the first dose in humans'™ and in rats.'*° 
In rats, it is thought that this effect is brought about 
by stimulation of the renin-angiotensin-aldosterone sys- 
tem. Thus, concurrent use of an ACE inhibitor may 
blunt the development of resistance. 

The hemodynamic effects of prazosin have not been 
documented in the dog or cat. In humans, its adminis- 
tration decreases right and left ventricular filling pres- 
sures, edema, and congestion and increases stroke vol- 
ume and cardiac output.'®’ Prazosin is supplied in 
capsules containing 1, 2, and 5 mg of drug. The start- 
ing dose in dogs is 1 mg q 8 hr for dogs weighing less 
than 15 kg, and 2 mg q 8 hr for dogs weighing more 
than 15 kg. This is then titrated upward if the initial 
dose is ineffective, or reduced if hypotension occurs. 
Prazosin has not been used in cats. Other a-adrenergic 
receptor blocking drugs used in humans (bunazosin, 
doxazosin, indoramin, terazosin, trimazosin, and ura- 
pidil) have not been evaluated in cats or dogs. 


NITRATES 
Nitroglycerin 


Nitroglycerin and the organic nitrates act primarily 
as venous and coronary artery vasodilators, with a less 
pronounced effect on the systemic arterioles.'* Nitro- 
glycerin ointment (Nitrol or Nitro-Bid) is available in 
a 2 percent formulation to be spread on the skin 
for absorption into the systemic circulation. It is also 
supplied in a transdermal patch preparation. In dogs 
and cats, a 2 percent nitroglycerin cream is often used 
(1/2 to 2 inches every 4 to 6 hours for dogs, 1/8 to 
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1/4 inch every 4 to 6 hours for cats), but the efficacy of 
this treatment has not been documented.!*° In human 
patients, the absorption of cutaneously applied nitro- 
glycerin varies with the site and area of application, as 
well as the amount of ointment used. These variables 
have not been studied in dogs or cats. Humans can 
adjust the dose and method of application to obtain 
the desired effect, but such adjustments are not possi- 
ble in dogs and cats. If transdermal nitroglycerin 
cream is used, it should be applied on a hairless or 
shaved area, using gloves to avoid human transdermal 
absorption. To ensure more uniform dosing, self-adhe- 
sive transdermal nitroglycerin patches have also been 
used in dogs and cats with CHF. Patches delivering 0.1 
mg/hr have been recommended for treating cats and 
small dogs, and patches delivering 0.2 mg/hr were 
recommended for larger dogs.“ 


Isosorbide Dinitrate 


Orally administered organic nitrates may be pre- 
ferred for the foregoing reasons. Unfortunately, appro- 
priate doses of these compounds are not well estab- 
lished. Isosorbide dinitrate is available in a sublingual 
formulation, in a standard oral formulation, and as a 
controlled-release capsule and tablet. An empiric dose 
of the standard oral formulation (Isordil) that has 
been used for dogs is 0.22 to 0.44 mg/kg given every 
8 hours.'® In dogs with experimentally created myocar- 
dial infarcts, isosorbide dinitrate has been dosed as 
high as 2.0 mg/kg bid.'"' Isosorbide mononitrate, the 
primary metabolite of isosorbide dinitrate, can also be 
used in dogs with heart failure.’ 1° From these stud- 
ies, the estimated oral dose of isosorbide mononitrate 
in dogs is 0.25 to 2.0 mg/kg, with a dosing interval of 
6 to 12 hours. In humans, a dosage-free interval, typi- 
cally 10 to 12 hours long, is advised to avoid the 
phenomenon of tolerance. The utility of this maneuver 
in dogs or cats with CHF is unknown. 


ANGIOTENSIN-CONVERTING ENZYME 
INHIBITORS 


The efficacy of ACE inhibiting drugs has been con- 
vincingly demonstrated in human patients with CHF. 
These drugs have been shown to improve hemody- 
namic function and to improve clinical symptoms in 
patients with mild, moderate, and severe heart fail- 
ure.”!-24 19, 16t The hemodynamic effects of ACE inhibi- 
tors are modest in relation to the potent effects of 
some direct-acting vasodilators, such as hydralazine 
and nitroprusside. Similarly, the diuretic effect of ACE 
inhibiting drugs is modest in relation to the potent 
effect of furosemide. For these reasons, ACE inhibiting 
drugs are not indicated for the treatment of acute 
heart failure. Their intended application is the treat- 


ment of chronic heart failure, and for this purpose 
they are more effective than other vasodilating drugs. 
ACE inhibiting drugs delay the onset of heart failure 
in human patients with asymptomatic left ventricular 
dysfunction, and they reduce overall mortality from 
cardiovascular disease in those patients in overt heart 
failure (classes I, TI, and IV).*!-** 

Of the many ACE inhibitors available for use, capto- 
pril, enalapril, lisinopril, benazepril, quinapril, and 
ramipril have been studied in dogs with naturally oc- 
curring heart failure.®* 16!" Enalapril has been stud- 
ied most thoroughly, and it is the only ACE inhibiting 
drug that is specifically approved in the United States 
for treating heart failure in dogs. Enalapril, benazepril, 
quinapril, and ramipril are prodrugs that are con- 
verted to their active form in the liver, whereas capto- 
pril and lisinopril are active drugs.'” This distinction 
is not particularly important, since the conversion of 
prodrugs to an active form does not limit drug avail- 
ability even in patients with severe liver disease. With 
the exception of ramipril, all the ACE inhibitors listed 
are eliminated primarily via the kidney.!”"'” Lisinopril 
is eliminated entirely via glomerular filtration, whereas 
the others are eliminated by glomerular filtration and 
renal tubular secretion. The rate of elimination of 
these drugs declines with decreased kidney function, 
indicating the necessity for dosage adjustment when 
renal function is severely impaired. 

It is difficult to determine the optimal dose for any 
ACE inhibitor or to compare relative efficacy. The 
degree and duration of inhibition of plasma ACE activ- 
ity are commonly assayed. However, it is unknown to 
what degree or how long plasma ACE activity must 
be inhibited before a beneficial therapeutic effect is 
observed. Moreover, the degree to which ACE inhibi- 
tors inhibit plasma and tissue ACE activity varies both 
in magnitude and in duration; the significance of these 
differences relative to clinical efficacy is uncertain. 


MECHANISMS. ACE inhibitors reduce the activity of 
ACE in the body by binding with its zinc ion- 
containing active site. ACE cleaves two peptides off 
the decapeptide angiotensin I to create the octapep- 
tide angiotensin. In this fashion, inhibition of ACE 
decreases circulating concentrations of angiotensin H 
(Fig. 12~9). Angiotensin H is a very potent vasocon- 
strictor that helps maintain systemic arterial blood 
pressure in heart failure patients. A decreased plasma 
angiotensin II concentration allows the systemic arteri- 
oles and veins to relax (dilate). Angiotensin II also 
stimulates sodium and water retention indirectly via 
release of aldosterone from the adrenal gland. With 
ACE inhibition, the elevated plasma concentration of 
aldosterone declines, promoting renal sodium and wa- 
ter excretion. Accumulation of bradykinin in the tis- 
sues may contribute to the observed hemodynamic 
and cardiovascular effects of ACE inhibiting drugs. 
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FIGURE 12-9 


The renin-angiotensin system is composed of circulating (systemic) 
and tissue components. Changes in blood volume and peripheral 
vascular resistance are modified primarily by the renin-angiotensin 
system. Reduced renal perfusion is the primary stimulus for renin 
release by the kidney and activation of the systemic renin- 
angiotensin-aldosterone mechanism. The tissue angiotensin system 
may be activated even earlier than the systemic angiotensin system. 
Some tissues also contain proteases that can act on angiotensin I to 
produce angiotensin II (the chymase pathway). Tissue angiotensin 
II is thought to be a stimulus of myocardial hypertrophy, fibroblast 
proliferation, and remodeling of the coronary and systemic 
vasculature. ACE inhibiting drugs can decrease the formation of 
angiotensin II in all these locations, but they do not block the 
chymase pathway. ACE, angiotensin-converting enzyme; SNS, 
sympathetic nervous system, 


ACE also inactivates bradykinin, which induces vasodi- 
lation directly and indirectly by increasing production 
of the prostaglandins PGI, (prostacyclin) and PGE». 

Local renin-angiotensin systems have been demon- 
strated in a number of different organs and tissues, 
including the kidney, brain, blood vessels, myocar- 
dium, and the cardiac valves. '72 These local renin- 
angiotensin systems are believed to regulate cellular 
growth, thereby mediating the development of the 
vascular changes and ventricular remodeling processes 
observed in patients with heart disease. Inhibition of 
vascular and ventricular remodeling might protect 
against the progressive deterioration of ventricular 
function in patients with heart disease. Some investiga- 
tors have suggested that the beneficial effects of ACE 
inhibiting drugs, including increased survival, are due 
to inhibition of tissue ACE rather than their diuretic 
or hemodynamic effects. 


CAPTOPRIL. This sulfhydryl-containing ACE inhibitor 
was the first compound in this class used to treat 


patients with heart failure. The bioavailability of capto- 
pril is about 75 percent in fasted dogs, but it is reduced 
by 30 to 40 percent when there is food in the gastroin- 
testinal tract.'” Captopril has a rapid onset of action 
relative to other ACE inhibitors, and it begins to exert 
hemodynamic effects within an hour after oral admin- 
istration; its peak effect occurs approximately 1 to 2 
hours postadministration.’”* Thereafter, the ACE inhib- 
iting activity of captopril declines rapidly as the com- 
pound is rapidly excreted. In one study, a single 2.0 
mg/kg oral dose of captopril reduced plasma ACE 
levels by less than 50 percent (peak effect) in normal 
dogs, and plasma ACE levels returned to normal 3 
hours after administration.” Other studies suggest 
much higher levels of ACE inhibition, with a markedly 
diminished response after 6 hours.’ The recom- 
mended dose of captopril in dogs with heart failure is 
2.0 mg/kg q 8 hr. Captopril is rarely used in dogs 
because of its short duration of action and reports of 
persistent anorexia. Carefully controlled clinical trials 
in dogs or cats with heart failure have not been per- 
formed. 


ENALAPRIL. This prodrug has very little ACE activity 
until it is converted (hydrolyzed) in the liver to the 
active diacid enalaprilat.'” Enalapril is well absorbed 
in dogs, and estimates of its bioavailability range from 
60 to 70 percent with oral administration.'”” The peak 
concentration of enalaprilat is attained 2 to 4 hours 
after the oral administration of enalapril. At recom- 
mended dosages of enalapril (0.5 mg/kg), plasma ACE 
activity is reduced by 75 percent 3 hours after the first 
oral dose in healthy dogs.'” Plasma ACE activity is still 
reduced, albeit to a lesser extent, 12 hours postdosing. 
Plasma ACE inhibition is minimal 24 hours after a 
single oral dose. Clinical improvement has been dem- 
onstrated in dogs with heart failure when enalapril is 
administered at 0.5 mg/kg once daily.” Hemodynamic 
studies, studies of plasma ACE inhibiting activity, and 
clinical trials indicate that enalapril is most effective 
when it is given twice daily.” 

The Cooperative Veterinary Enalapril (COVE) study 
group reported that enalapril, used in combination 
with digoxin and furosemide, significantly reduces the 
clinical signs of heart failure and improves exercise 
tolerance in dogs with congestive heart failure from 
DCM or mitral regurgitation.” The Invasive Multicen- 
ter Prospective Veterinary Enalapril (IMPROVE) study 
group reported that enalapril, dosed at 0.5 mg/kg q 
12 hr, produces a significant decline in pulmonary 
capillary wedge pressure (PCWP) in dogs with heart 
failure caused by DCM.!® In this study, the decline in 
PCWP was less marked in dogs with mitral regurgita- 
tion. In both groups, the clinical signs of heart failure 
and the radiographic severity of pulmonary edema 
were significantly reduced by treatment with enalapril. 
Enalapril’s effect on survival has not been directly 
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measured in dogs with naturally occurring heart fail- 
ure. Controlled studies have shown that enalapril 
significantly increases the time to development of 
refractory heart failure or death in dogs with dilated 
cardiomyopathy.* 18 This effect has not been convinc- 
ingly demonstrated in dogs with mitral regurgita- 
tion.®2: 178 


LISINOPRIL. Lisinopril is somewhat more potent than 
enalapril, and its duration of action is slightly longer 
than that of enalapril.’ The bioavailability of lisinopril 
is somewhere between 25 and 50 percent, and it is not 
affected by feeding.'”: 1% Following a single oral dose 
of lisinopril (0.5 mg/kg), plasma ACE activity is re- 
duced by 75 percent 3 hours later, and ACE activity 
is still reduced 12 hours postdosing.'” Plasma ACE 
inhibition is minimal 24 hours after a single 0.5 mg/ 
kg oral dose. The hemodynamic effects have been 
studied in a small number of dogs with class IV heart 
failure due to dilated cardiomyopathy (Sisson, unpub- 
lished). Lisinopril produced a substantial reduction in 
pulmonary capillary wedge pressure, mean pulmonary 
artery pressure, systemic arterial pressure, and systemic 
vascular resistance. Heart rate decreased while stroke 
volume and cardiac output increased modestly. Five of 
the seven dogs improved by one or more classes of 
heart failure following 3 weeks of treatment with once- 
daily lisinopril (0.5 mg/kg). Blood urea nitrogen con- 
centration rose transiently 1 week after the initiation 
of treatment but returned to normal after 3 weeks of 
treatment. No adverse drug effects were noted during 
this short-term study. The recommended oral dose for 
dogs is 0.5 mg/kg q 12 to 24 hr. The relative merits of 
once- versus twice-daily dosing have not been studied, 
but they are probably similar to those of enalapril. 


BENAZEPRIL. This prodrug is readily absorbed and rap- 
idly converted by the liver to the active diacid benaze- 
prilat.'” In dogs and cats, the peak benazeprilat con- 
centration is attained within 2 hours of oral 
administration. In one study, a single oral dose of 
benazepril (0.5 mg/kg) reduced plasma ACE activity 
in dogs more than 75 percent by 1.5 hours after admin- 
istration;'” the plasma ACE concentration was still in- 
hibited 12 hours after dosing but not at 24 hours post- 
treatment. In apparent contradiction, another study 
indicated that profound plasma ACE inhibition is pres- 
ent 24 hours following a single 0.25 mg/kg oral dose 
of benazepril.'*! At steady state, an oral dose of 0.25 
mg/kg produced more than 95 percent inhibition of 
ACE activity at peak effect (2 hours postdosing), and 
more than 80 percent inhibition of ACE activity 24 
hours after dosing. In cats, once-daily oral dosing at 
0.25 mg/kg produced 100 percent inhibition of ACE 
at peak effect and over 90 percent inhibition after 
24 hours.'* In clinical trials conducted in Europe, 


benazepril was reported to be effective in dogs when 
administered orally at 0.25 to 0.50 mg/kg q 24 hr.' 


Adverse Effects of ACE Inhibitors 


Enalapril is the only ACE inhibitor to be evaluated 
for safety and efficacy in large numbers of dogs with 
congestive heart failure. The majority of adverse reac- 
tions observed in controlled clinical trials of enalapril 
were mild and similar to those observed in dogs receiv- 
ing placebo.” 1%. 166 Reported adverse effects of ACE 
inhibiting drugs include systemic hypotension, hyper- 
kalemia, and azotemia. Systemic hypotension is infre- 
quently observed and can be easily managed by reduc- 
ing the ACE inhibitor dose. Serious hypotension is 
most likely to occur in dogs with severe heart failure 
when other vasodilating drugs are used in combination 
with an ACE inhibitor. Hyperkalemia is occasionally 
detected in dogs receiving ACE inhibiting drugs, but 
it is rarely severe enough to produce clinical signs. 
Hyperkalemia is presumed to result from reduced glo- 
merular filtration and diminished plasma aldosterone 
concentrations. Severe hyperkalemia should prompt 
discontinuation or reduction in ACE inhibitor dose. It 
is prudent to monitor serum potassium concentration 
in dogs treated with ACE inhibitors and spironolac- 
tone. Potassium-sparing diuretics should be discon- 
tinued in those dogs that develop hyperkalemia. In 
our experience, spironolactone is well tolerated by 
most dogs treated with an ACE inhibitor and furose- 
mide. 

Treatment with ACE inhibitors may precipitate seri- 
ous renal dysfunction when used with high doses of 
diuretics, and this complication can be fatal. Mild azo- 
temia is commonly detected in dogs with CHF, particu- 
larly when they are aged. Azotemia is usually interpre- 
ted as evidence of decreased renal perfusion (prerenal 
azotemia), combined with an age-related decline in 
renal functional capacity. ACE inhibitors are known to 
decrease glomerular filtration pressure by virtue of 
their effects on the renal afferent and efferent arteri- 
oles. Treatment with an ACE inhibitor can and often 
does result in mild azotemia and slightly increased 
serum creatinine concentration.'* Renal function usu- 
ally soon normalizes or stabilizes at a new steady state. 

A small percentage of dogs treated with ACE inhibi- 
tors develop life-threatening renal dystunction.'® !%4 
The occurrence of this complication is unpredictable, 
but it seems to occur most often in dogs with severe 
heart failure and that become dehydrated (particularly 
with overdiuresis) or hypotensive. In our experience, 
serious renal dysfunction occurs most often within 1 
week of initiating treatment, but some dogs do not 
experience the problem for several months. Several 
precautions should be observed to avoid this problem. 
Renal function should be assessed prior to initiating 
an ACE inhibitor. Alternative therapies should be con- 
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sidered if the serum creatinine concentration exceeds 
2.5 mg/dl or the BUN concentration exceeds 50 mg/ 
dl. High furosemide doses (> 4.4 mg/kg/day) should 
be avoided when initiating ACE inhibitor therapy. Re- 
nal function should always be reassessed 5 to 7 days 
after initiating an ACE inhibiting drug. If serum creati- 
nine concentrations exceed 2.5 to 3.0 mg/dl and BUN 
concentrations exceed 60 to 70 mg/dl, the ACE inhibi- 
tor should be discontinued for 1 to 2 days. Dehydrated 
patients should be carefully rehydrated and the di- 
uretic regimen reduced. When renal function im- 
proves, the ACE inhibitor can be reintroduced at a 
lower dose or other drug treatments prescribed, typi- 
cally hydralazine or amlodipine in combination with 
a nitrate. 


BETA-ADRENERGIC BLOCKING DRUGS 


Beta-blocking drugs are used to treat many different 
cardiovascular conditions.'*® Principal indications in- 
clude supraventricular tachyarrhythmias (chapters 18, 
19) (such as atrial fibrillation, atrial tachycardia, and 
sinus tachycardia when it causes or contributes to im- 
paired ventricular filling); ventricular tachyarrhyth- 
mias, either as monotherapy in cats or in combination 
with other agents; reduction of dynamic outflow tract 
obstruction (chapter 28); and treatment of systemic 
hypertension (usually in combination with other 
drugs) (chapter 35). 

Beta-adrenergic receptors are classified into B, and 
Be subtypes.'*'8? Cardiac B,-receptors mediate in- 
creases in heart rate, atrioventricular conduction veloc- 
ity, and myocardial contractility. Stimulation of cardiac 
B.receptors also increases contractility. Beta,-recep- 
tors located in vascular and bronchial smooth muscle 
mediate vasodilation and bronchodilation. Other Bə 
receptors mediate renin and insulin release. The num- 
ber and activity of myocardial B,-receptors decline in 
patients with chronic heart failure, presumably in re- 
sponse to exposure to increased levels of catechola- 
mines. In addition, the contractile response to B.-ago- 
nists is reduced.'*” '*° Of the many available B-receptor 
blocking drugs, propranolol and atenolol are used 
most often. 

Mounting evidence indicates that B-blockers might 
play a substantive role in the treatment of patients with 
systolic heart failure.'** '*”? Long-term therapy with high 
doses of B-adrenergic blocking drugs improves symp- 
toms, exercise tolerance, hemodynamics, left ventricu- 
lar function, and perhaps even mortality in some 
humans with heart failure, particularly dilated cardio- 
myopathy. Graduated-dose protocols using metoprolol 
or bisoprolol reduced the rate of hospitalization for 
heart failure and improved left ventricular ejection 
fraction in some patients.’** 1° In these studies, biso- 
prolol, but not metoprolol, both of which are 8,-recep- 


tor blocking drugs, reduced mortality in patients with 
DCM. Although these results are encouraging, many 
heart failure patients did not tolerate even the small 
initial drug doses administered at the onset of therapy. 
This subset of patients experienced rapid cardiac de- 
compensation and worsening congestive signs, and 
some died. There is no reliable way of identifying 
which patients will respond favorably. 


MECHANISM. The mechanism by which some patients 
benefit from B-blocker therapy is unknown.’ '*! Some 
theorize that B,-receptors, down regulated due to con- 
stant exposure to increased norepinephrine, up regu- 
late following prolonged treatment with high doses of 
B-blocking drugs. Others theorize that long-term ß- 
blocker treatment suppresses the increase in inhibitory 
G; protein activity occurring in patients with DCM. 
Other possible mechanisms include improved ventricu- 
lar-arterial coupling, structural ventricular remodeling, 
reduced heart rate, decreased oxygen consumption, 
more efficient oxygen utilization, as well as the antiar- 
rhythmic effects of B-blockers. 


PROPRANOLOL. This nonselective (first generation) 
agent blocks both Bı- and B.-receptors. It has poor 
oral bioavailability,'*’ is primarily eliminated by hepatic 
metabolism, and has a short plasma half-life (0.5 hour 
in cats, 0.6 to 1.5 hours in dogs), necessitating frequent 
(q 8 hr) administration. Propranolol is usually used at 
a dose of 0.25 to 2.0 mg/kg q 8 hr PO, starting low 
and titrating upward to effect.“ 1% 


ATENOLOL. This selective B,-blocking drug (second 
generation) has good oral bioavailability, ®? is elimi- 
nated by renal excretion and hepatic metabolism, and 
has a much longer plasma half-life (3.6 hours in cats 
and 3.2 to 4.5 hours in dogs) than propranolol. In cats 
with hypertrophic cardiomyopathy, atenolol (Ten- 
ormin) is given initially at a dose of 6.25 to 12.5 mg/ 
cat q 12 to 24 hr PO. Higher doses may be required 
to achieve a desired effect. Dogs are treated with doses 
ranging from 12.5 to 50 mg q 12 to 24 hr PO. 


OTHER B-BLOCKERS. Carvedilol, which exhibits both a,- 
and £,-receptor blocking activity, has recently been 
approved for the treatment of heart failure in human 
patients. Carvedilol improves symptoms and submaxi- 
mal exercise capacity and reduces mortality in some 
patients with heart failure caused by dilated cardiomy- 
opathy and ischemic heart disease.'** It was hoped that 
carvedilol would be better tolerated in patients with 
heart failure by virtue of its vasodilating effect. How- 
ever, it is not tolerated in up to a third of treated 
patients. Metoprolol (Lopressor) exhibits moderate 
bioavailability and lipophilicity, is eliminated by he- 
patic metabolism, and has an approximate elimination 
half-life of 1.3 hours in the cat and 1.6 hours in the 
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dog. In canines, it has been used at a dosage of 5 to 
50 mg q 8 hr PO. In an experimental canine model of 
chronic heart failure, metoprolol (25 mg q 12 hr PO) 
produced beneficial effects (decreased LV end-dia- 
stolic pressure, end-diastolic wall stress and stiffness, 
and improved left atrial contribution to ventricular 
filling).'°* Nadolol (Corgard) has low oral bioavailabil- 
ity, is poorly lipid soluble, and is eliminated by renal 
excretion. In the dog, it is given at a dose of 5 to 40 
mg q 8 to 12 hr PO.'* 


Adverse Effects with B-Adrenergic 
Receptor Blockers 


Adverse effects common to all B-blockers include 
bradycardia, hypotension, depression, and precipita- 
tion of congestive heart failure. Hypoglycemia in 
diabetics and bronchospasm in patients with pre-ex- 
isting lung disease are less likely to develop when 
selective B,-agents are used. When £-blocker treatment 
is discontinued, drug administration should be gradu- 
ally reduced over several days to avoid withdrawal reac- 
tions, such as persistent tachycardia and precipitation 
of myocardial ischemia. The beneficial effects of 
chronic, high-dose B-blocker therapy have not yet been 
demonstrated in dogs or cats with naturally occurring 
heart failure. Therefore, in these circumstances, its use 
should be closely monitored. 


CALCIUM CHANNEL BLOCKERS 


These drugs are used most commonly in the treat- 
ment of supraventricular arrhythmias (chapters 18, 
19), hypertension (chapter 35), and feline HCM 
(chapter 28). The use of some calcium channel block- 
ers such as amlodipine to augment vasodilation in- 
duced by ACE inhibitors is being evaluated in human 
trials." This combination therapy exerts synergistic 
hemodynamic, antiproliferative, and antithrombotic 
properties." True benefits await verification in veteri- 
nary clinical trials. 


DILTIAZEM. Diltiazem belongs to the benzothiazepine 
class of calcium channel blockers and has been used 
primarily to treat cats with hypertrophic cardiomyopa- 
thy and dogs and cats with certain supraventricular 
tachyarrhythmias. It is available for IV injection, as 
a standard oral formulation, and in several different 
extended-release forms. The bioavailability of the stan- 
dard formulation is 43 percent in dogs and 71 percent 
in cats." '* This difference is due to more rapid 
hepatic metabolism in dogs (first-pass effect). 

The pharmacology of diltiazem is complex. In the 
dog, it is metabolized by the liver into several different 
active compounds, and it also undergoes enterohe- 


patic recirculation. In cats, peak concentrations of dilti- 
azem are reached in 45 minutes, and its half-life is 
slightly less than 2 hours.'*” The oral dose of the stan- 
dard formulation of diltiazem (Cardizem) is 0.5 to 1.5 
mg/kg q 8 hr in dogs and cats. The pharmacokinet- 
ics of one extended release form of diltiazem 
(Cardizem CD) has been studied in cats;'** peak con- 
centration is realized in 140 minutes after oral adminis- 
tration, and half-life is about 7 hours. The recom- 
mended oral dose of Cardizem CD in cats is 10 mg/kg 
once daily. Dilacor is another long-acting diltiazem 
preparation that has been used in felines.*® Dilacor 
capsules of varying strengths contain two to four tab- 
lets, each of which contains 60 mg of diltiazem. Dos- 
ages of 30 to 60 mg q 24 hr appear to be effective. 

In dogs, diltiazem is often administered alone, or in 
combination with digoxin, for the treatment of atrial 
tachycardia and atrial fibrillation (chapter 18). For 
hemodynamically unstable supraventricular tachyar- 
rhythmia, diltiazem can be administered IV (0.25 mg/ 
kg) over 2 minutes and repeated as needed (maximum 
total dose, 0.75 mg/kg).?*' #** In dogs with heart fail- 
ure, diltiazem offers the advantage of minimally de- 
creasing myocardial contractility. For this reason, some 
prefer diltiazem to -blockers for treating dogs with 
heart failure.” Diltiazem’s long-term clinical effects in 
dogs with advanced myocardial or valvular heart dis- 
ease have not been evaluated. Future studies compar- 
ing the antiarrhythmic effects of calcium channel 
blockers with those of B-adrenergic blocking drugs or 
other antiarrhythmic agents must consider the long- 
term effects of these drugs on exercise tolerance and 
survival. 

The reported benefits of diltiazem therapy in cats 
with hypertrophic cardiomyopathy include reduced 
heart rates, a positive lusitropic effect (improved dia- 
stolic myocardial relaxation), improved diastolic fill- 
ing, and increased myocardial perfusion.® ” 2°! Myocar- 
dial relaxation is impaired in humans and cats with 
HCM, and the amount and distribution of intracellular 
calcium ions have been implicated in the pathogenesis 
of this phenomenon. Diltiazem also dilates coronary 
arteries without producing a pronounced effect on the 
systemic vasculature.® ’ This effect might be clinically 
important, because cats dying from HCM often show 
ischemic myocardial lesions in association with abnor- 
mal coronary arterioles. Diltiazem could help prevent 
or delay myocardial cell death and resulting myocar- 
dial fibrosis. Decreases in heart rate are due to reduc- 
tion of calcium-mediated depolarizing currents in the 
sinoatrial (SA) node, but the SA node remains respon- 
sive to increases in circulating catecholamines and sym- 
pathetic discharge. For this reason, reductions in heart 
rate may not be as reliable or as dramatic as those 
occurring with B-receptor blocking drugs.” ! 74 

Diltiazem has been reported to resolve myocardial 
hypertrophy in some cats with HCM. One investigator 
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reported complete resolution of myocardial hypertro- 
phy in 66 percent of cats treated with long-term (= 18 
months) diltiazem.” Many others, including us, have 
not been able to achieve such remarkable results. 
Spontaneous resolution of LV hypertrophy sometimes 
occurs in cats not treated with diltiazem. 

Diltiazem has very little negative inotropic effect. 
This otherwise desirable property may be disadvanta- 
geous in treating cats with dynamic outflow tract ob- 
struction. In humans with HCM, diltiazem can increase 
the severity of dynamic obstruction.* Thus, B-blockers 
appear to be safer and more efficacious in cats with 
the obstructive form of HCM.* There is no consensus 
of opinion for choosing between B-blockers and cal- 
cium channel blockers for those patients with the non- 
obstructive form of HCM, either in cats or humans. 

Adverse reactions to orally administered diltiazem 
are uncommon. Hypotension is possible with very high 
doses, particularly when combined with B-blocker or 
vasodilator drugs. Bradycardia can also occur, particu- 
larly in cats concurrently treated with a B-blocker. 
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Pulmonary Edema 


WENDY A. WARE 
JOHN D. BONAGURA 


Pulmonary edema is the abnormal accumulation of extravascular pulmo- 
nary fluid. Pulmonary edema develops when fluid movement into the lung 
exceeds the capacity of lymphatic drainage.) °? It can cause disability and 
death by disrupting gas exchange and lung mechanics. The focus of this 
chapter is cardiogenic pulmonary edema, although other causes are also 
briefly discussed. 


THE NORMAL PULMONARY CIRCULATION 


ALVEOLAR-CAPILLARY STRUCTURE 


Pulmonary alveoli are richly supplied with capillaries (Fig. 13-1). The 
capillary endothelial cells interdigitate extensively, and relatively weak 
(“loose”) intercellular junctions are formed where cells overlap.* Conse- 
quently, communication between pulmonary capillaries and the interstitial 
space is facilitated. While movement of proteins across this membrane is 
somewhat restricted, the pulmonary capillaries are more permeable to pro- 
teins than are the systemic capillaries." * 

Each capillary is surrounded by an interstitial space of varying thickness. 
On one side of the capillary this space is very narrow and the capillary wall 
closely abuts the alveolar epithelium; this juncture is believed to be the 
major surface for pulmonary gas exchange. Areas of thicker interstitial space 
contain connective tissue fibrils, fibroblasts, and macrophages.* Fluid filtered 
from the capillaries first accumulates in these areas, which are continuous 
with the larger, more compliant spaces around terminal bronchioles, small 
arteries, and veins. Lymphatic drainage occurs from the interstitium of these 
latter structures.'* There are no lymphatic channels in the alveolar-capillary 
interstitium. 

The alveolar wall is lined primarily with large squamous cells (Type I) and 
smaller numbers of granular pneumocytes (Type II). In contrast to the 
capillary endothelium, alveolar epithelial cells are fused together to form 
“tight” intercellular junctions. These are thought to help protect the alveo- 
lus from flooding. Surfactant, a hydrophobic lipoprotein that lines the 
alveoli, acts to maintain alveolar stability by minimizing surface tension, and 
it helps impede the onset of alveolar flooding.* ® ° 


CAPILLARY-INTERSTITIAL FLUID EXCHANGE 


Classically, the Starling equation has been used to describe the net fluid 
flow out of the capillary into the interstitial space in terms of the balance 
between hydrostatic and osmotic forces, modified by certain membrane 
characteristics. This flow (Q) is determined by the difference between capil- 
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FIGURE 13-1 


A respiratory unit. The arteriole branches into capillary plexus 
surrounding alveoli. Starling’s forces controlling fluid movement 
into or out of the capillary are indicated. P., capillary hydrostatic 
pressure; Ta capillary colloid osmotic pressure; P; interstitial 
hydrostatic pressure; 7, interstitial colloid osmotic pressure; A, 
arteriole; V, venule; L, lymphatic vessel; Tb, terminal bronchiole; 
LS., interstitial space. 


lary (P.) and interstitial (P;) hydrostatic pressures and 
the capillary (m.) and interstitial (m;) colloid osmotic 
pressure gradient. Thus, 


Q = KI(P. — Pi) 


o (T. — 7)] 


where K is the capillary filtration coefficient (hydraulic 
conductivity times surface area-of the capillary wall) 
and o is the reflection coefficient, which defines the 
permeability of the microvascular wall to proteins." * 7 
This relationship shows that fluid movement into the 
interstitium results from high capillary hydrostatic 
pressure, low capillary osmotic pressure (rarely a 
cause), or increased capillary permeability. However, 
experiments have shown that the formation of pulmo- 
nary edema cannot be neatly grouped into these cate- 
gories.*"!! 


PULMONARY CIRCULATION AND 
LYMPHATICS 


Overall pulmonary capillary hydrostatic pressure is 
low compared with the systemic circulation. Within the 
lung, gravitational influences result in greater hydro- 
static pressure ventrally. A major portion of the pulmo- 
nary arterial-to-venous pressure drop occurs in the 
alveolar wall capillary rather than in the arteriole.” 


Pulmonary interstitial pressure also is lower than sys- 
temic pressure and is well below atmospheric pressure. 

The pulmonary lymphatics play an important role 
in removing fluid from the interstitial space. Fluid 
moves from alveolar-capillary areas toward adjacent 
perivascular and peribronchial interstitium where lym- 
phatics are located.’ '* Lymph flows toward the bron- 
chial and hilar lymph nodes, finally returning to the 
venous circulation. Lymphatic flow results from intrin- 
sic lymph vessel wall contractions as well as the pump- 
ing action caused by fluctuating pleural pressure and 
vascular pulsations.* * '° Valves within the lymphatics 
maintain unidirectional flow. 

When the capacity for lymphatic drainage is ex- 
ceeded, interstitial fluid accumulates. However, there 
is a tremendous capacity for lymphatic diameter and 
flow to increase in response to greater interstitial fluid 
accumulation. Lymphatic flow in normal dogs has 
been estimated at 4 to 20 ml/hr.' 1+ 15 With chronic 
elevations in left atrial pressure, the lymphatic system 
hypertrophies. Increases in lymphatic flow of 300 to 
2800 percent over control have been demonstrated in 
a canine model of chronic congestive heart failure.® "4 
Free interstitial fluid may also drain into the pleural 
space or flow along bronchovascular connective tissue 
into the mediastinum to be removed by mediastinal 
lymphatics.'*: 16 

Factors tending to protect against overt pulmonary 
edema include the fluid clearance pathways (lymphatic 
vessels, pleural space, mediastinum), the normally low 
rates of liquid filtration and protein leak, and the high 
plasma protein concentration.* '° Since lymphatic walls 
are also very permeable, accumulated interstitial pro- 
teins are removed along with fluid. Lymphatic removal 
of interstitial proteins and/or increasing interstitial 
hydrostatic pressure helps retard the formation of fur- 
ther edema.* 


CAUSES OF PULMONARY 
EDEMA 


Pulmonary edema has traditionally been categorized 
as being caused by either increased pulmonary capil- 
lary hydrostatic pressure or increased alveolar-capillary 
membrane permeability. It is now apparent that this 
classification is somewhat inaccurate and misleading. 
Damage to the alveolar-capillary membrane occurs sec- 
ondary to increased capillary hydrostatic pressures, 
and this damage increases membrane permeability to 
plasma proteins.*'° Furthermore, pulmonary insults 
that were previously thought to cause edema only by 
increasing alveolar-capillary membrane permeability 
also often involve increased capillary pressures as well. 
With this in mind, an overview of certain clinical 
causes of pulmonary edema is presented next. 


CARDIOGENIC PULMONARY EDEMA 


Elevated pulmonary capillary pressure secondary to 
leftsided heart failure often initiates pulmonary 
edema. Common causes of this in dogs and cats in- 
clude various cardiomyopathies (especially hypertro- 
phic cardiomyopathy in cats and dilated cardiomyopa- 
thy in dogs) and volume overloads caused by mitral 
and aortic valve insufficiency and patent ductus arteri- 
osus. Acute left ventricular dysfunction from other 
causes, as well as severe arrhythmias, can also result in 
cardiogenic pulmonary edema.'” '* Rarely, obstructive 
lesions of the left atrium (e.g., neoplasia or thrombus), 
a major pulmonary vein, or mitral valve orifice (e.g., 
mitral valve stenosis) lead to this so-called “high-pres- 
sure” pulmonary edema. Excessive pulmonary blood 
flow resulting from a congenital left-to-right cardiac 
shunt (e.g., patent ductus arteriosus), anemia, or exer- 
cise can promote pulmonary edema. Clinical edema is 
more likely to occur when marked volume overloading 
occurs in the presence of left ventricular diastolic dys- 
function.” 

Overzealous intravenous fluid administration (greater 
than 100 ml/kg/hr in normal dogs) can cause or 
exacerbate pulmonary edema by increasing capillary 
hydrostatic pressure and diluting serum proteins. Sys- 
temic venous hypertension has experimentally been 
shown to contribute to increased lung water and 
edema, probably by inducing bronchial venous hyper- 
tension and/or impeding lymphatic drainage.* 19 

The amount of edema formed depends in part on 
the rate of rise of intravascular pressures and vascular 
permeability. ® Normal dogs subjected to acute in- 
creases in left atrial pressure above 23 mmHg develop 
lung edema. Conversely, pressure can be chronically 
elevated to 40 to 45 mmHg without development of 
significant edema because of gradually increasing lym- 
phatic capacity.* Such chronic elevations can be associ- 
ated with pulmonary hypertension and secondary right 
ventricular failure. 

Increases in capillary pressure cause ultrastructural 
distortion and injury to capillary endothelium, alveo- 
lar epithelium, or all layers of the membrane.*~*? 
“Stretching” of the loose junctions between endothe- 
lial cells allows fluid and protein passage during high 
perfusion pressure. These junctions can return to a 
more normal appearance once the pressure is relieved, 
which may explain the minimal endothelial injury 
found in some reports. In contrast, marked disruption 
of alveolar epithelial cells was seen in areas of greatest 
alveolar and interstitial edema.*” Epithelial “tight” 
junctions and fewer intercellular junctions per unit 
area compared with endothelium presumably cause 
higher resistance to pericellular fluid movement and 
damage from sheer pressures caused by alveolar inter- 
stitial edema.*"' Secondarily, exposure of basement 
membrane can attract and activate platelets and neu- 
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trophils, leading to intercurrent increases of vascu- 
lar permeability that further enhance edema forma- 
tion.?!:*? There is evidence that platelet degranulation 
products also may contribute to pulmonary edema 
formation in congestive heart failure.” Metabolic as 
well as structural changes are also thought to occur in 
alveolar epithelial cells in response to edema forma- 
tion.® 1° 


PRIMARY ALVEOLAR-CAPILLARY 
MEMBRANE INJURY 


Pulmonary edema resulting from primary damage 
to the alveolar-capillary membrane (“‘high-permeabil- 
ity’ edema) is sometimes called the adult respiratory 
distress syndrome (ARDS) or “shock lung” in people. 
Alveolar-capillary membrane injury can develop follow- 
ing a wide variety of pulmonary insults, including inha- 
lation of toxic gases, smoke, or gastric secretions; acute 
pulmonary infections; endotoxic, cardiogenic, or hypo- 
volemic shock; gram-negative septicemia; pancreatitis; 
trauma; pulmonary microemboli; anaphylaxis; im- 
mune complex disease; exposure to toxic substances 
(including organophosphates and herbicides [e.g., 
paraquat], alpha-naphthylthiourea [ANTU], insect 
and snake venoms); uremia; or prolonged exposure 
to high concentrations of O,.? !? 23: There is strong 
experimental and clinical evidence indicating that 
polymorphonuclear leukocytes and various chemotac- 
tic agents and cytokines initiate and perpetuate injury 
leading to high-permeability pulmonary edema.” %9 33 34 
The pathogenesis of permeability edema includes di- 
rect pulmonary damage and indirect injury mediated 
by vasoactive components of the clotting cascade, leu- 
kotrienes, lysosomal enzymes, cytokines released from 
monocytic cells (such as various interleukins and tu- 
mor necrosis factor), platelet factors, and oxygen-free 
radicals.* 12, 30, 35-44b 

Increased microvascular pressure also plays a role in 
high-permeability lung edema.“ “ Capillary pressure 
increases during inflammation. Some inflammatory 
mediators have even been shown to induce a purely 
hydrostatic edema without measurable change in capil- 
lary permeability, whereas others increase both capil- 
lary pressure and permeability. Capillary pressure may 
rise (e.g., with increased postcapillary vascular resis- 
tance) even with decreased or unchanged pulmonary 
artery occlusion pressures.? These pressure changes 
emphasize the dilemma of volume infusion in the 
management of permeability lung edema. Since many 
of the underlying conditions (e.g., septic shock) are 
usually treated with volume expansion, the potential 
to increase flow to affected lung lobes and further 
promote edema formation must be appreciated. The 
protein exudation associated with high-permeability 
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edema inhibits resorption of fluid from the intersti- 
tium. Moreover, alveolar flooding inhibits the function 
of lung surfactant complex and can secondarily in- 
crease microvascular permeability.“ 

A high-protein coating in the alveolus reduces gas 
exchange and alveolar compliance.” The protein con- 
tent of edema fluid caused by primary alveolar-capil- 
lary membrane damage can be 70 to 100 percent of 
plasma protein concentration; protein concentrations 
of cardiogenic edema have been reported at 40 to 50 
percent of plasma.'* !5- 18. 49 


OTHER CAUSES OF PULMONARY 
EDEMA (NONCARDIOGENIC 
PULMONARY EDEMA) 


Pulmonary edema can be neurogenic in origin, re- 
sulting from head trauma, seizures, intoxicants (e.g., 
organophosphate and chlorinated hydrocarbons), 
other central nervous system lesions, or electrocution. 
A combination of hemodynamic and permeability 
changes interacts to cause neurogenic edema.* !® 50-53 
Acute sympathetic overactivity causes decreased capaci- 
tance of the pulmonary bed, shifts blood volume from 
the systemic to the pulmonic circulation, and markedly 
increases pulmonary vascular pressures. However, pul- 
monary capillary pressure is only transiently raised. In 
addition to mechanical capillary-alveolar membrane 
injury, neural stimulation itself causes some degree of 
altered permeability.” ** 54 

A review of 26 cases of noncardiogenic pulmonary 
edema in 23 dogs and 3 cats revealed associated causes 
to include airway obstruction (8), cranial trauma (7), 
electric shock (7), and seizures (4). Nineteen of the 
26 were less than 1 year of age. Radiographic patterns 
compatible with pulmonary edema were asymmetric in 
83 percent of the animals.** Lung injury leading to 
the respiratory distress syndrome in young Dalmatian 
dogs was characterized by pulmonary edema and 
chronic respiratory failure.” 

Obstruction to lymphatic drainage (e.g., with carci- 
nomatosis') is an uncommon primary cause of pulmo- 
nary edema. However, in the presence of other predis- 
posing factors, partial lymphatic obstruction or 
dysfunction would increase the tendency for edema 
formation. Studies in sheep have shown that normal 
contractions in lymphatic vessels and lymph flow are 
significantly inhibited by anesthesia and endotoxin in- 
fusion.’ Systemic venous hypertension also impedes 
the flow of lymph into the central venous pool. 

Re-expansion pulmonary edema may occur when a 
previously collapsed lung lobe is suddenly inflated. 
There may be correlations between the vigor of re- 
expansion, duration of collapse, and degree of edema. 
Damage to the capillary endothelium can occur, with 


both elevations in edema protein content and bio- 
chemical changes similar to those found with reperfu- 
sion injury. !% 5557 

Pulmonary edema secondary to upper airway ob- 
struction has also been reported in dogs™ and is well 
recognized in humans.” ® The pathogenesis is multi- 
factorial, probably involving increased intrapleural and 
microvascular pressures as well as microvascular per- 
meability changes. 

On the basis of the Starling relationship, low plasma 
colloid osmotic pressure theoretically could induce 
pulmonary edema. Severe hypoproteinemia is rarely 
implicated as the sole cause of edema, although it does 
exacerbate edema generated by other mechanisms." * 
In the dog with normal plasma proteins, edema will 
not occur until left atrial pressure rises above 23 
mmHg. But when the plasma protein level is decreased 
by 50 percent, edema forms at a left atrial pressure of 
only 12 mmHg.*! 

Acute pulmonary hypertension could lead to pulmo- 
nary edema. Regional inhomogeneity of arteriolar va- 
soconstriction might protect some but not all pulmo- 
nary capillary beds from high microvascular pressures. 
The absence of clinically significant edema in chronic 
pulmonary hypertension probably relates to structural 
arteriolar changes that protect the capillary bed from 
excessive pressures. 

Rarely, pulmonary edema of uncertain pathogenesis 
has been associated with other causes. It has been 
reported with hypoglycemia” and with ketamine HCl 
administration in cats.” It occurs in some people ex- 
posed to high altitudes but has not been reproduced 
in experimental animals.” Lastly, near drowning can 
flood alveoli and damage capillaries, causing pulmo- 
nary edema.”®. ®?. 68 


PATHOPHYSIOLOGIC 
ALTERATIONS CAUSED BY 
PULMONARY EDEMA 


STAGES OF PULMONARY EDEMA 
DEVELOPMENT 


The sequence of edema accumulation appears to be 
similar, regardless of cause. Initially, there is a compen- 
satory increase in lymphatic flow, which maintains nor- 
mal interstitial volume (Stage 1). When the amount of 
capillary filtrate exceeds the pumping capacity of the 
lymphatics, fluid and colloid accumulate in the intersti- 
tial areas around bronchioles, arterioles, and venules 
(Stage 2).* Enlarged lymphatics and free fluid form a 
cuff around the bronchioles and pulmonary blood ves- 
sels. 

During the early stages of edema, gas exchange may 


be relatively unaffected if there is no increase in alveo- 
lar-capillary membrane thickness along the thin side 
of the interstitial space.” * As capillary filtrate contin- 
ues to accumulate, the less compliant interstitium 
around the alveolar-capillary septa also fills, interstitial 
pressure rises, and alveolar flooding begins.’ * '° Fluid 
initially accumulates in the corners of the alveoli where 
the radii of curvature are smallest (Stage 3A). > 1° 
Finally, alveolar flooding occurs (Stage 3B). 

There is controversy regarding mechanisms of fluid 
entry into the alveoli. Fluid may enter by retrograde 
flow from bronchioles? !? ©, however, if the alveolar 
membranes have been disrupted, fluid can directly 
enter the alveolar space.!® * Alveolar flooding, pre- 
viously thought to be an all-or-none phenomenon with 
respect to an individual alveolus appears to occur grad- 
ually.” If there has been minimal alveolar-capillary 
membrane injury, clearing of the edema fluid can 
progress quickly once the initiating cause is relieved; 
the alveolar epithelium plays an active role." 

As more alveoli are flooded, total pulmonary gas 
exchange deteriorates. Flooded alveoli act as small 
regions of pure shunt, since no ventilation occurs; 
accordingly, the degree of arterial hypoxemia is related 
to the number of unventilated units.':* '* During the 
late stages of edema, frothy fluid spills from the alveoli 
into the airways. Any nonflooded alveoli behind a 
froth-filled airway will be unventilated due to airway 
obstruction.':? Capillary membrane damage allows ex- 
travasation of red cells, which tint the froth pink. 

The distribution of pulmonary edema across the 
lung is not homogeneous. Since mean intravascular 
pressures are greatest in the most ventral areas of the 
lung (Zone 3), where venous pressure exceeds alveolar 
pressure, venous congestion or disrupted alveolar-cap- 
illary membranes promote the most rapid and greatest 
accumulation of pulmonary edema here.’ Although 
more edema accumulates in lower lobes, there also 
appears to be marked inhomogeneity of interstitial 
and alveolar edema distribution at any level within the 
lung; flooded alveoli can also border nonflooded units. 
Although gravity contributes to the greater amount of 
pulmonary fluid found in more ventral regions, other 
factors are involved as well.*"'' Regional differences in 
apparent protein content of hydrostatic edema fluid, 
as well as the amount of edema, imply regional differ- 
ences in the reflection coefficient for albumin.*"! 
Structural heterogeneity in the lymphatic system, and/ 
or variation in the distribution of pulmonary blood 
flow or mediators of vascular tone, may also be im- 
portant in determining the distribution of pulmonary 
edema of any cause.” !! 6 

The venous congestion of cardiogenic edema causes 
an initial increase in pulmonary blood volume, with 
redistribution of flow and better perfusion dorsally.” © 
Greater formation and gravitation of pulmonary 
edema ventrally cause more marked airway and vascu- 
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lar compression in the dependent areas of the lung 
and also promote redistribution of blood flow. Pulmo- 
nary arteriolar vasoconstriction secondary to alveolar 
hypoxia is more prominent ventrally and may contrib- 
ute to redistribution." * 

Reduced lung compliance (the ease with which the 
lung can be expanded) is an early feature of pulmo- 
nary edema. Compliance becomes severely impaired 
as edema progresses. As the lung becomes stiffer (non- 
compliant), there is an increased tendency for lung 
collapse. ° With advancing Stage 2 edema, fluid cuffs 
compress blood vessels and bronchi, isolating them 
from the normal inspiratory retracting forces of the 
surrounding lung.“ Narrowing and premature expir- 
atory closure of ventral (dependent) small airways are 
accentuated, especially in older animals and during 
recumbency. The resulting elevation in peripheral air- 
way and vascular resistances promotes ventilation-per- 
fusion mismatching at various levels within the 
lung.’ If alveoli flood, surface tension increases and 
flooded units shrink in size, further decreasing lung 
compliance. Small airway closure throughout the respi- 
ratory cycle and alveolar flooding cause a true intrapul- 
monary shunt. 

At higher lung volumes, pulmonary compliance ab- 
normalities and small airway closure are minimized.™ 
Thus, if several deep breaths can be stimulated during 
therapy, ventilation should improve. Airway narrowing 
may also be exacerbated by reflex bronchoconstric- 
tion.’ °° Chronic interstitial edema and high pulmo- 
nary capillary pressures induce reactive tissue changes 
and lung fibrosis, which decrease pulmonary compli- 
ance as well.’ 

A shallow, rapid breathing pattern occurs with pul- 
monary edema, which minimizes the work of ventilat- 
ing the stiff lungs. Increased stimulation of airway and 
interstitial pulmonary receptors occurs secondary to 
pulmonary venous congestion and edema. This results 
in a vagally mediated reflex increase in respiratory 
rate.* ®©- Tachypnea may ameliorate the accumulation 
of edema by increased pumping of the lymph vessels. 

Arterial oxygenation (PaO,) decreases because of 
ventilation-perfusion mismatch. Animals with reduced 
cardiac output also have a decreased mixed venous 
PO», which leads to decreased PaO, for any level of 
ventilation-perfusion mismatch. Hypoxic pulmonary 
vasoconstriction is an attempt to minimize this mis- 
match by redirecting blood flow away from unventi- 
lated alveoli and by redistributing flow toward the 
better ventilated apices of the lung.“ The PaCO, tends 
to be normal or low. Hyperventilation of unaffected 
alveoli occurs with tachypnea; since CO, diffuses more 
rapidly than O, and dogs have good collateral ventila- 
tion, hypercapnia occurs only with fulminant edema.! 
Both hypo- and hypercapnia can worsen ventilation- 
perfusion mismatch. However, experimentally, artifi- 
cial hyperventilation to reduce PaCO, was associated 
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with reduced PaO, and increased alveolar-arterial O» 
gradient.” 


CLINICAL MANIFESTATIONS 


HISTORY AND PHYSICAL EXAMINATION 


The historical and physical findings associated with 
pulmonary edema vary with the severity of fluid accu- 
mulation. Mild edema can cause tachypnea or exer- 
tional dyspnea. In dogs there may be a dry frequent 
cough of recent onset, although bronchial compres- 
sion from left atrial enlargement may cause a similar 
cough. Cats are much less likely to cough with pulmo- 
nary edema. Orthopnea may develop as edema wors- 
ens; affected dogs tend to stand with elbows abducted 
and are reluctant to lie down (see Fig. 5-1), whereas 
cats tend to hunch in a sternal position with elbows 
abducted. Respirations become more rapid and shal- 
low. Paroxysms of dyspnea and coughing often occur 
after resting or during recumbency as added blood 
volume is returned from the extremities to the central 
pool.'? Hyperpnea or dyspnea worsens with hypox- 
emia, especially at PaO, less than 60 mmHg, and with 
lactic acidosis. With severe edema, Cheyne-Stokes res- 
piration, expectoration of pink foam, and cyanosis may 
occur. Open-mouth breathing in the cat often signals 
severe respiratory distress. 


AUSCULTATION 


Auscultatory findings also vary. There may be no 
abnormalities with early interstitial edema. In peracute 
edema, only loud bronchial sounds may be heard. As 
small airways become compressed, fine crackles may 
be heard on inspiration as previously closed bronchi- 
oles snap open. Initially, crackles may be heard only 
ventrally at end-inspiration after a deep breath. It is 
helpful to hold off the animal’s breath for a short 
time to stimulate deep inspiration. As edema worsens, 
wheezes and crackles of varying pitch and more wide- 
spread distribution are often heard during both inspi- 
ration and early expiration. 

It is important to remember that abnormal respira- 
tory sounds are not specific for pulmonary edema. 
Similarly, even severe lung edema may not lead to 
obvious adventitial sounds. Other lung diseases, espe- 
cially pulmonary fibrosis and bronchitis, are associated 
with loud crackles and wheezes. Thus, abnormal lung 
sounds must be evaluated within the context of history, 
physical findings, cardiac auscultation, thoracic radiog- 
raphy, and ancillary tests. 


DIAGNOSIS 


Early detection of pulmonary edema is often diffi- 
cult. Despite advances in diagnosis with CT scans and 


FIGURE 13-2 


Lateral radiographs from an 11-year-old Afghan hound with dilated cardiomyopathy and mitral 
insufficiency taken during congestive heart failure (CHF) (A) and after therapy (B). (A) 
Radiographic changes compatible with left-sided CHF include a marked, diffusely increased 
pulmonary opacity throughout the lung fields, air bronchograms, and a large lobar pulmonary vein 
(closed arrow). The left atrium is moderately enlarged (open arrows). (B) Post therapy radiograph. 
Notice that the lung fields are considerably reduced in opacity compared with the pretreatment 
radiograph. The pulmonary vein is still distended (arrow), indicating pulmonary venous congestion. 
The left atrium is prominent, and the cardiac silhouette is mildly enlarged. 


double-indicator dilution techniques,'® radiography re- 
mains the most practical diagnostic modality.” A persis- 
tent increase in resting respiratory rate may signal 
early pulmonary edema. Measurement of pulmonary 
artery occlusion (“capillary wedge”) pressure may be 
used to estimate pulmonary capillary and left atrial 
pressures, but this may not reflect actual pulmonary 
capillary pressure when pulmonary vascular resistance 
is elevated.’ In a human study, wedge pressure underes- 
timated capillary pressure by a mean of 7 mmHg.* 
Presently, invasive hemodynamic monitoring is still not 
readily accessible for most veterinary practitioners. 


RADIOGRAPHY 


The characteristic locations of lung infiltrates and 
the caliber of pulmonary vessels can suggest a radio- 
logic diagnosis of pulmonary edema and may help the 
clinician distinguish between cardiogenic and noncar- 
diogenic edema. The technical quality of the radio- 
graph, patient positioning, phase of respiration, and 
any artifacts should be considered before a presump- 
tive diagnosis of lung edema is made. Pre-existing chest 
pathology and the time lag between edema formation 
and the appearance of radiographic abnormalities may 
complicate the radiographic diagnosis.'® 15° 

The onset of left-sided congestive heart failure is 
associated with pulmonary venous congestion. In the 
dog, the usual radiographic signs are dilated pulmo- 
nary veins and increased symmetric perihilar intersti- 
tial opacities. On the lateral view, the location of cra- 
nial pulmonary vessels (from dorsal to ventral) are 
lobar artery, bronchus, lobar vein. Normally, the width 
of the vein and artery are equal and average 70 to 75 
percent of the diameter of the dorsal one third of the 
fourth rib. On the dorsoventral or ventrodorsal view, 
the lobar artery is craniolateral to the vein and associ- 
ated bronchus. As pulmonary congestion increases, 
the width and opacity of the pulmonary veins exceed 
that of the accompanying arteries (Fig. 13-2; see also 
Fig. 7-20). Sometimes the cranial lobar vein appears 
to sag down, away from the bronchus on lateral view. 

Although pulmonary venous distention is a signifi- 
cant indicator of left-sided congestive heart failure, it 
is not a consistent finding. Secondary right-sided heart 
failure or compensatory venoconstriction will reduce 
the engorgement of pulmonary veins. 

Cats with severe pulmonary edema frequently ex- 
hibit enlargement of both lobar vein and artery. As 
with dogs, this is not a consistent finding. 

Cardiomegaly is common when left-sided heart fail- 
ure is caused by chronic mitral regurgitation, dilated 
cardiomyopathy, or congenital left-to-right shunts. Typ- 
ical radiographic changes in the cardiac silhouette are 
described elsewhere (chapter 7).”-’* However, radio- 
graphic signs of heart enlargement may be minimal 
in some cases of hypertrophic cardiomyopathy, acute 
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endocarditis or ruptured chordae tendineae with mi- 
tral insufficiency, acute myocardial failure, tachyar- 
rhythmias, or constrictive pericarditis. 

Pulmonary parenchymal opacities appear as edema 
develops. Interstitial fluid blurs the edges of pulmo- 
nary vessels and cuffs the bronchi, especially in the 
hilar region of dogs. Pleural thickening may be seen, 
but because dogs and cats have little interlobular tis- 
sue, Kerley’s lines—a feature of pulmonary edema in 
humans—do not appear. Chronic edema stimulates 
interstitial lung fibrosis and adds to the overall increase 
in radiographic opacity.” 

Early alveolar edema, in which groups of flooded 
alveoli intermingle with aerated units, is radiographi- 
cally evident as areas of fluffy or mottled soft tissue 
opacity. As alveolar flooding progresses, these areas 
become more confluent. Eventually, a homogeneous 
opacity develops with completely obscured pulmonary 
vessels and the appearance of air bronchograms (see 
Fig. 13-2; Fig. 13-3). Interlobar borders may be visual- 
ized, indicating subpleural edema or pleural fluid.” 

The limitations of thoracic radiography in detecting 
and quantifying pulmonary edema must be recognized 
(chapter 7). For example, a time lag exists between 
the onset and clearance of pulmonary fluid and its 
radiographic appearance and disappearance. Thus, 
the animal may clinically seem better or worse than 
radiographs indicate. Small changes in interstitial 
opacity are difficult to appreciate, and pre-existing 
lung pathology may hinder the identification of pul- 


FIGURE 13-3 


Lateral radiograph from an 11-year-old poodle with congestive 
heart failure due to mitral regurgitation. Moderate generalized 
cardiomegaly is present. The left atrium is prominent. Interstitial 
and alveolar infiltrates compatible with pulmonary edema are 
evident dorsally, caudally, and in the perihilar region. They result 
in air bronchograms (arrowheads). Pulmonary interlobar borders are 
visualized. Diuretic therapy led to prompt radiographic clearing of 
these pulmonary opacities. 
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monary edema.” After diuretic therapy, the radio- 
graphic evidence of pulmonary edema may be minimal 
even though some patients still exhibit clinical signs. 

Cardiogenic edema in dogs accumulates to a greater 
extent in the hilar region (see Fig. 13-3). This edema 
is usually bilaterally symmetric, although it is not un- 
common to observe greater involvement of the right 
lobes.” Hypostatic fluid accumulation in a recumbent 
animal can also cause an asymmetric radiographic ap- 
pearance, though lateral recumbency is uncommon in 
dyspneic animals. The distribution of pulmonary 
edema in dogs with fulminant congestive heart failure 
may be diffuse (see Fig. 13-24). 

Cardiogenic pulmonary edema in cats can be dif- 
fuse, but in contrast to dogs, it often appears unevenly 
distributed, patchy, or concentrated in the middle lung 
zones (Fig. 13-4). Differentiation from other infiltra- 
tive lung lesions, therefore, can be more difficult in 
the cat. 

When lung infiltrates are present in a lobar, asym- 
metric, or otherwise uncharacteristic pattern for car- 
diogenic edema, other etiologies should also be 
considered (e.g., pneumonia, thromboembolism, neo- 
plasia, obstructive lung disease), as well as noncardio- 
genic edema.” Neurogenic edema (Fig. 13-5) tends 


to be distributed dorsocaudally in the lung periph- 


e ry. 75 


TREATMENT OF PULMONARY 
EDEMA 


Therapeutic objectives for pulmonary edema of any 
cause include (1) restoration of arterial oxygenation, 
(2) removal of alveolar fluid, and (3) correction of the 
underlying etiology (Table 13-1). Mainstays of therapy 
include supplemental oxygen, airway suction (if froth- 
ing is evident), redistribution of pulmonary blood to 
the peripheral circulation, rest, and diuresis. The pa- 
tient should be handled gently to minimize stress. 
Whenever possible, oral medications should be 
avoided in dyspneic animals. 


SUPPLEMENTAL OXYGEN 


Oxygen can be administered by face mask, nasal 
catheter, endotracheal tube, or O, cage. An O cage 


FIGURE 13-4 


Radiographs from two cats with cardiomyopathy and left-sided congestive heart failure. (A) 
Ventrodorsal view of one cat with cardiogenic pulmonary edema. The heart is moderately enlarged. 
Left ventricular enlargement is evident by cardiac elongation; the left auricle is rounded and 
enlarged and the right atrium is also prominent. Pulmonary edema is suggested by bilateral 
interstitial and alveolar infiltrates, which are most prominent caudal to the heart. An air 
bronchogram sign is evident in the left caudal lobe (arrowheads). A small pleural effusion is present, 
resulting in prominent interlobar fissures (curved arrows) and blunted costophrenic angles. (B) 
Lateral view of a different cat with hypertrophic cardiomyopathy illustrating interstitial and alveolar 
lung opacities. There is a predisposition to the caudal lung lobes, although some patchy infiltrates 
are also observed cranial to the heart. Moderate cardiomegaly is present in both views. 


FIGURE 13-5 


Lateral radiograph from an 18-month-old Siberian 
husky with noncardiogenic pulmonary edema 
secondary to seizure. The cardiac silhouette is normal 
sized (compare with Figs. 13-2 and 13-3). A profound 
increase in pulmonary interstitial and alveolar opacities 
with air bronchograms is evident in the caudal lung 
lobes. The dorsocaudal lung fields display particularly 
increased opacity, typical of neurogenic pulmonary 
edema. 


should have temperature and humidity controls; a 
maximum of 65° F has been recommended for normo- 
thermic animals.” Oxygen flows of 6 to 10 L/min are 
usually adequate. Initially, administered concentrations 
of 50 to 100 percent O, may be necessary. 

Severely affected animals, or those that experience 
respiratory arrest, may respond to endotracheal or 
tracheotomy tube placement and mechanical ventila- 
tion with positive end-expiratory pressure (PEEP), con- 
tinuous positive airway pressure (CPAP), or high-fre- 
quency jet ventilation. Salutary effects of PEEP 
ventilation include clearing of small airways, ex- 
panding small-volume alveoli, forcing alveolar fluid 
back into the interstitium, and increasing lung volume 
to augment the interstitial fluid capacity.!* 7° 

Chronically administered high O, concentrations 
(> 70%) can injure lung tissue. A formula has been 
devised for humans using an initial FiO, (inspired O% 
concentration) of less than 50 percent. Therapy is 
adjusted by adding increments of 5 mmHg PEEP until 
the PaO, divided by the FiO, is greater than 300. 
Alternatively, PEEP can be achieved with spontaneous 
ventilation through a respirator and by exhaling 
against a 4- to 20-cm HO pressure.” 7” More informa- 
tion on ventilatory support is found elsewhere.”**° 

Careful, continuous monitoring is essential for intu- 
bated animals. Mechanical ventilation with high peak 
inspiratory pressures has been shown to produce high- 
permeability pulmonary edema.*! * 


DRUG THERAPIES 


DIURETICS 


Rapid diuresis and pulmonary fluid reabsorption is 
a primary concern of initial therapy and can be 
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achieved with intravenous administration of furose- 
mide.** This loop-acting diuretic may also reduce pul- 
monary shunt by augmenting perfusion of nonflooded 
alveoli before diuresis occurs.** Furosemide must be 
delivered to the nephron by renal blood flow, which 
may be impaired in severe heart failure. Some patients 
are unresponsive to traditional doses (1 to 2 mg/kg) 
of furosemide but will respond to higher initial doses 
or to cumulative doses administered every 30 to 60 
minutes. Accordingly, we usually administer relatively 
high IV or IM doses initially (2 to 5 mg/kg) to assure 
delivery of a sufficient concentration of the drug to 
the renal tubules. Furosemide must be actively secreted 
in the proximal tubules, delivered to the loop of 
Henle, and sufficiently concentrated there to induce 
diuresis. Once diuresis has ensued and respiratory 
signs begin to abate, the dosage should be reduced 
(0.5 to 2 mg/kg every 8 to 12 hours) to prevent 
excessive volume contraction or electrolyte deple- 
tion.*** Low sodium water should be offered to the 
patient. In very ill, azotemic, or anorectic animals, 
conservative fluid therapy may be required. Indirect 
monitoring of arterial blood pressure, serial determi- 
nation of serum creatinine and BUN, and regular mea- 
surement of serum electrolytes are practical and effec- 
tive methods for avoiding overdiuresis in most patients. 
Other diuretics, such as bumetanide, the thiazides, 
or aldosterone antagonists (spironolactone), can be 
helpful either alone or in conjunction with oral furose- 
mide in treating chronic pulmonary edema in dogs. 
Pulmonary edema in cats is usually responsive to furo- 
semide (1 to 2 mg/kg) or furosemide and transdermal 
nitroglycerin. 


BRONCHODILATORS 


Methylxanthines such as aminophylline, given intra- 
muscularly or by slow intravenous injection, have mild 
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TABLE 13-1 
Hospital Therapy of Pulmonary Edema 


Avoid All Stress! 

Avoid Significant IV Fluid Administration 

Restore Oxygenation 

Check airway patency 

Give supplemental O, (avoid > 50% for > 48 hr) 
Provide cage rest 

Intubate/supply positive-pressure ventilation if needed 
If frothing is evident, suction the airways 

Rapidly Remove Alveolar Fluid 


Redistribute blood volume: 
Morphine (dogs only; see below) 
Vasodilators: 
2% nitroglycerin ointment (dogs: 5-1; inch topically q 12 hr; 
cats: i-l inch q 8-12 hr) 
Na‘ nitroprusside (0.5-5 g/kg/min CRI) 
Initiate diuresis: 
Furosemide (dogs: 2-5 mg/kg IV, IM q 6-8 hr; cats: 2-4 mg/kg 
IV, IM q 6-8 hr) 
Following initial diuresis, decrease dose and repeat q 8-12 hr 
Reduce Anxiety 


Morphine (dogs: 0.05-0.1 mg/kg IV; 0.1-0.5 mg/kg SC or IM) 

Acepromazine (cats: 0.1 mg/kg IM, SC q 8-12 hr) mixed with 
butorphanol (0.15 mg/kg IM, SC q 8-12 hr) 

Reduce Bronchoconstriction 

Aminophylline (dogs: 6-10 mg/kg IV, PO, can repeat q 6 hr; cats: 
4-8 mg/kg PO, can repeat q 12 hr) 

Administer Inotropic Support (for myocardial failure) 

Digoxin (dogs: 0.01-0.015 mg/kg PO + bid; cats: 0.031 mg total 
dose PO q 48 hr) 

Dobutamine (2-10 wg/kg/min CRI) 

Dopainine (2-8 wg/kg/min CRI) 

Increase Cardiac Output and Reduce Afterload (see text) 

Na* nitroprusside (see earlier dosage) 

Hydralazine (dogs: 1-3 mg/kg PO, q 12 hr) 

Treat High-Permeability Edema 

Consider glucocorticoids 

Institute specific measures depending on etiology 


Provide Ancillary Therapy 


Correct acid-base imbalance (e.g., sodium bicarbonate if moderate 
to severe metabolic acidosis; ventilation for respiratory acidosis) 

Provide thoracocentesis if concurrent pleural effusion and 
atelectasis 

Monitor the Patient 


Record heart rate and rhythm (ECG), pulse strength, arterial 
blood pressure, respiratory rate, hydration status, urinary output 

Monitor pulse oximetry, arterial blood gases, end-tidal CO, (if 
intubated) 

Measure PCV/plasma protein, serum biochemistries, and 
electrolytes 


CRI, constant rate infusion; ECG, electrocardiogram; PCV, packed cell vol- 
ume. 


diuretic and positive inotropic actions as well as a 
bronchodilating effect. They also decrease fatigue of 
respiratory muscles and enhance diaphragmatic func- 
tion.“ Rapid absorption occurs after oral adminis- 
tration. Adverse effects include increased sympatho- 
mimetic activity and arrhythmias, especially with 
parenteral administration. Objective measures of effi- 
cacy in pulmonary edema are lacking. 


TRANQUILIZERS 


Dogs with severe pulmonary edema may benefit 
from morphine sulfate administered every 2 to 3 
minutes (0.05 to 0.1 mg/kg) intravenously until the 
desired clinical response is achieved,” or administered 
as a single intramuscular or subcutaneous dose (0.1 to 
a maximum of 0.5 mg/kg).° Beneficial effects include 
reduced anxiety, slower, deeper breathing from respi- 
ratory center depression, and redistribution of blood 
away from the lungs via splanchnic vasodilation. Mor- 
phine can raise intracranial pressure and is contraindi- 
cated in neurogenic edema. Morphine is also contrain- 
dicated in cats. Acepromazine (0.1 mg/kg SQ) mixed 
with butorphanol (0.15 mg/kg SQ) can be used as an 
alternative for cats. Although peripheral redistribution 
of blood might be promoted, these drugs may exacer- 
bate pre-existing hypothermia. 


VASODILATORS 


Vasodilator drugs, such as 2 percent nitroglycerin 
ointment applied cutaneously or intravenous nitro- 
prusside, a rapid-acting arteriovenous dilator (used 
with careful patient and blood pressure monitoring), 
can reduce fulminant edema by increasing systemic 
venous capacitance and lowering pulmonary venous 
pressure. Nitroprusside may also improve cardiac out- 
put by systemic arteriolar dilation. 

Treatment of acute, severe edema resulting from 
mitral regurgitation may be improved when oral hydra- 
lazine, a pure arteriolar dilator, is added to diuretic 
and topical nitroglycerin administration. Hydralazine 
or nitroprusside should be chosen over angiotensin- 
converting enzyme (ACE) inhibitors for acute therapy. 
The onset of action for hydralazine begins within ap- 
proximately 30 minutes and peaks within 3 hours.® In 
contrast, ACE inhibitors have a longer onset of action 
and later peak activity (chapters 12, 25). 


CARDIOTONICS 


Positive inotropic drugs, when indicated, must be 
used carefully. Catecholamines can increase pulmo- 
nary and systemic vascular resistance, potentially ex- 
acerbating interstitial fluid accumulation. The acidosis 
and hypoxemia that are common in severe edema 
can increase myocardial sensitivity to digitalis-induced 
arrhythmias. Monitoring electrolytes and acid-base 
balance is important. 


ADDITIONAL MEASURES 


Other techniques used for acute cardiogenic edema 
include phlebotomy of up to 25 percent of total blood 
volume and rotating tourniquets (not very effective in 


animals). A newer technique reported in humans is 
venous ultrafiltration with fluid subtraction.** 


SPECIFIC TREATMENT PLANS 


CANINE MITRAL REGURGITATION 


Initial therapy of pulmonary edema is directed to 
induce diuresis with furosemide, lower venous pres- 
sures further with topical nitroglycerin ointment, and 
provide supplemental oxygen. Dogs with mild-to-mod- 
erate signs usually respond well to such treatment. 

More aggressive therapy is needed for life-threaten- 
ing pulmonary edema. In addition to high-dose furose- 
mide, nitroglycerin, and oxygen, hydralazine is admin- 
istered at an initial dose of 0.75 to 1 mg/kg PO, 
followed by repeated doses every 2 to 3 hours, if 
needed, to lower the systolic blood pressure to between 
90 and 110 mmHg, or until obvious clinical improve- 
ment. Hydralazine effectively reduces regurgitant frac- 
tion and lowers left atrial pressure (chapter 12).** If 
blood pressure cannot be monitored, an initial dose 
of 1 mg/kg is given and repeated in 2 to 4 hours if 
sufficient clinical improvement has not been observed. 
If necessary, administration of 1 to 2 mg/kg can be 
repeated every 12 hours. 

An alternative therapy to nitroglycerin/hydralazine 
is sodium nitroprusside infusion beginning at 1 pg/ 
kg/min. The dose should be titrated to yield a systolic 
blood pressure of 90 to 100 mmHg. The infusion is 
usually continued for 12 to 24 hours (Fig. 13-6). Fol- 
lowing successful therapy of pulmonary edema, 
chronic treatment can be initiated with maintenance 


FIGURE 13-6 
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doses of furosemide, an ACE inhibitor, and in most 
cases, digoxin (chapter 12). 


FELINE HYPERTROPHIC 
CARDIOMYOPATHY 


Initial therapy for pulmonary edema includes furo- 
semide, nitroglycerin ointment, and oxygen. Most cats 
respond well to this treatment. Once diuresis has oc- 
curred, echocardiography and other clinical studies 
can be completed as indicated. Chronic therapy usu- 
ally includes diltiazem or a B-adrenergic blocker. The 
dose of furosemide is tapered to the lowest effective 
Maintenance dose or, in.some cases, discontinued*** 
(chapter 28). Many clinicians also prescribe an ACE 
inhibitor (enalapril, 0.25 to 0.5 mg/kg daily), although 
long-term efficacy remains to be documented. 


DILATED CARDIOMYOPATHY 


Initial therapy of pulmonary edema related to car- 
diogenic shock in canine dilated cardiomyopathy usu- 
ally includes furosemide, oxygen, and dobutamine or 
dopamine infusion (chapter 27). The administration 
of potent inotropic agents (dopamine, dobutamine) 
can increase cardiac output and blood pressure, 
allowing safe administration of vasodilator drugs. For 
life-threatening pulmonary edema, sodium nitroprus- 
side (beginning at 0.5 wg/kg/min in a constant rate 
infusion) is very effective with blood pressure monitor- 
ing. Alternatively, topical nitroglycerin ointment and 
an ACE inhibitor can be used in less severe cases. 
Digitalization is indicated and is particularly important 


(A) Lateral radiograph from a dog with severe alveolar cardiogenic pulmonary edema resulting from 
rupture of chordae tendineae. There is only mild-to-moderate cardiomegaly, with a marked increase 
in pulmonary opacity. A number of air bronchogram signs are evident (arrows). (B) Repeat lateral 
radiograph exposed 72 hours after the radiograph depicted in (A). Following aggressive diuresis with 
furosemide and vasodilator therapy with sodium nitroprusside, the pulmonary edema has resolved. 
The heart has decreased in size due to volume contraction and preload reduction. 
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if there is concurrent atrial fibrillation. After 24 to 48 
hours of intensive therapy, chronic treatment can usu- 
ally be initiated, which includes digoxin, furosemide, 
an ACE inhibitor, and dietary sodium restriction. Oral 
hydralazine can be added in refractory cases. 


THERAPY OF 
NONCARDIOGENIC EDEMA 


Pulmonary edema associated with severe alveolar- 
capillary membrane damage and inflammation is dif- 
ficult to treat successfully.” 7 Experimentally, a vari- 
ety of substances that may protect against or counteract 
the effects of different inflammatory mediators have 
been administered either before or after induction of 
high-permeability edema.* ***8 Oxygen therapy is 
given as outlined earlier. A diuretic may be helpful, 
but blood pressure and hydration should be moni- 
tored. The tendency to infuse large volumes of crys- 
talloid must be tempered with an understanding that 
increasing pulmonary blood flow usually worsens non- 
cardiogenic edema. Although use of corticosteroids is 
controversial, they have been advocated in the early 
treatment of smoke inhalation, electric shock, snake 
bite, septic shock, and anaphylaxis.™ Identification of 
the primary etiology, if possible, may suggest additional 
therapy. If PaO, falls to < 60 mmHg despite supple- 
mental oxygen, if PCO, is > 50 mmHg, or if respira- 
tory fatigue is evident, the patient should be ventilated. 
Additional therapy for high-permeability edema has 
been reviewed elsewhere.?> 76a 89-91 
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Pathophysiology 
and Monitoring 
of Shock 


WILLIAM C. SHOEMAKER 


SHOCK, HYPOVOLEMIA, AND 
LOW-FLOW STATES 


THE TRADITIONAL APPROACH 


The cardiovascular and pulmonary systems are normally closely integrated 
to provide tissues with an adequate oxygen supply. These systems function 
to support metabolism in the normal steady state, as well as during rapidly 
changing metabolic conditions associated with severe illness. To maintain 
homeostasis, they must provide oxygen and oxidative substrates to meet 
tissue metabolic requirements. Critically ill patients usually have compro- 
mised circulatory and pulmonary function, which affects oxygen demand 
and delivery." ” 

Classically, most shock states have been described in terms of hypotension, 
low blood flow, and high peripheral resistance (chapter 15). It has become 
evident, however, that inadequate tissue perfusion, not low cardiac output, 
is the major problem in hemorrhagic, postoperative, traumatic, and septic 
shock states. In shock, critical illness reduces tissue perfusion, resulting in 
physiologic states that are inadequate to sustain metabolic requirements. 
The acutely ill patient with circulatory dysfunction or shock experiences low 
or unevenly distributed blood flow resulting from hypovolemia, uneven 
vasoconstriction, and capillary leak. Circulatory disorders have been tradi- 
tionally evaluated by comparing patient hemodynamic variables against pub- 
lished normal values. However, for optimal clinical evaluation and therapy, 
this approach often produces poor results. 


CLINICAL ASSESSMENT 


PHYSICAL EXAMINATION AND PATIENT MONITORING 


Shock is a syndrome, not a disease. It is clinically characterized by variable 
subjective and nonspecific clinical signs (e.g., cold, clammy skin; mucous 
membrane pallor; weak, thready femoral arterial pulse; unstable vital signs; 
and reduced level of consciousness). These signs represent the secondary 
effects of shock, not the principal cause or pathophysiologic mechanism. 
Unfortunately, subjective signs are commonly used to diagnose shock, to 
evaluate changes in the clinical status, to assess effects of therapy, and to 
formulate prognosis. The related lack of objectivity and accuracy is a major 
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deterrent to a successful outcome. For example, hypo- 
tension and oliguria are early and readily detectable 
manifestations of shock. If these changes alone are 
used as the therapeutic end-points, treatment with 
crystalloids and vasopressors may restore blood pres- 
sure and urine output to near normal, but underlying 
deficits in tissue perfusion may remain unnoticed until 
multiple organ failure occurs. 

Similarly, noninvasive monitoring is usually applied 
to superficial or isolated changes caused by shock, 
such as blood pressure, heart rate, and the electrocar- 
diogram (ECG). Conventional approaches to shock 
management have frequently considered each moni- 
tored parameter as an independent variable, applying 
each of them to diagnosis, evaluation, and therapy. 
Essentially, this one-at-a-time approach precludes orga- 
nized, systemic analysis of complex cardiopulmonary 
interactions that determine efficiency of tissue perfu- 
sion and oxygen supply. 


CLINICAL PATHOLOGY AND HEMODYNAMIC 
MEASUREMENTS 


Although blood pH, base deficit, anion gap, hemato- 
crit (Hct), and blood lactate levels provide more objec- 
tive measurements to help evaluate shock patients than 
do clinical signs alone, they do not directly reflect 
tissue perfusion and oxygenation. Instead, these clini- 
cal pathology values represent secondary organ 
changes as part of complex interrelationships involving 
anaerobic metabolism. 

Traditional hemodynamic measurements commonly 
monitored in critical care settings are mean arterial 
pressure (MAP), heart rate (HR), central venous pres- 
sure (CVP), urine output, and arterial oxygen tension 
(PaO,). These variables reflect circulatory failure in 
the late stages of shock but do not measure adequacy 
of circulatory function or tissue perfusion in the early 
stages. For example, in studies of human high-risk 
postoperative patients, these variables correlated 
poorly with outcome.*® These and other common 
measurements were restored to their normal range in 
76 percent of the nonsurvivors as well as in 75 percent 
of the survivors, indicating their lack of reliability as 
outcome predictors.” 


CHANGING CONCEPTS OF 
SHOCK: CLINICAL 
IMPLICATIONS 


PATHOPHYSIOLOGIC TIME 
RELATIONSHIPS IN SHOCK 


Shock is a labile condition—not static. To under- 
stand its pathogenesis, sequential patterns of circula- 


tory changes must be recognized. This begins with 
the baseline normal state, evolves to reduced tissue 
oxygenation and subsequent compensatory hyperdy- 
namic states, and ends, finally, in a terminal stage. 
Physiologic patterns have been demonstrated in survi- 
vors compared with patients who die in the late or 
preterminal stage, although there have been few stud- 
ies identifying significant differences between groups 
in early temporal patterns. 

The marked variability in circulatory conditions— 
especially as they relate to metabolic and tissue 
needs—is clinically important when utilizing hemody- 
namic and monitoring parameters to decide the type 
of therapy and timing of certain interventions. An 
important related issue involves the clinical application 
of published hemodynamic and oxygen transport vari- 
ables. These are generally compiled from data col- 
lected in critical diseases and are described as mean 
values (+ SD or + SEM) for each individual variable. 
One must bear in mind that these values are generally 
published in tables without regard to temporal rela- 
tionship to the stage of shock; that is, data throughout 
the disease course are usually listed as though they 
occurred consistently, or were representative of a con- 
dition when tested at any single point in time. In 
reality, however, temporal factors vary widely in the 
development, progression, and resolution of critical 
illnesses. Thus, the use of mean values and parameters 
obscures trends in the dynamic process of circulatory 
failure. 

When temporal patterns are taken into account, 
however, low or inadequate blood flow is frequently 
observed as an early event antecedent to subsequent 
hyperdynamic states, tissue hypoxia, vital organ failure, 
shock, and death. This is particularly true in hemor- 
rhagic, traumatic, septic, and postoperative shock. Low 
flow in the intraoperative or immediate postoperative 
period has been identified as the underlying cause of 
oxygen debt and subsequent multiple organ failure.°” 


HEMODYNAMIC AND OXYGEN 
TRANSPORT MONITORING 


Severe illness increases metabolic rates and tissue 
requirements for circulatory function.’ Thus, it is im- 
perative that therapeutic goals and physiologic bench- 
marks utilize supranormal rather than just normal 
hemodynamic parameters to guide therapy and man- 
agement decisions. 

A wide range of physiologic assessments, hemody- 
namic measurements, oxygen transport variables, and 
blood gas parameters are routinely monitored in hu- 
man critical care settings (Table 14-1; see also Tables 
15-6, 15-7). With increases in monitoring capabilities 
in many veterinary institutions, these factors are more 


TABLE 14-1 
Clinical Roles for Hemodynamic Monitoring 


Diagnose etiologies 

Determine hemodynamic basis of circulatory dysfunction 

Assess cardiac and pulmonary function 

Evaluate tissue perfusion 

Titrate treatments 
Achieve optimal physiologic goals 

Assess therapeutic effectiveness relative to the preceding 
parameters 


frequently being evaluated. Hemodynamic values have 
been reported and average ranges for cardiovascular 
disorders described.' ? * ° These hemodynamic and 
oxygen transport measurements have proved to be 
more useful when combined with traditional monitor- 
ing." 

It is easier and more effective to observe, analyze, 
and treat mild circulatory changes at their earliest 
appearance when they are more responsive to therapy. 
Moreover, the interactions of heart, lung, and tissue 
perfusion are easiest to evaluate in the early periods. 


ASSESSMENTS OF TISSUE PERFUSION 


To be effective, the circulatory system must perfuse 
tissues with sufficient amounts of oxygenated blood to 
sustain body metabolism. Tissue perfusion has conven- 
tionally been inferred from the subjective signs and 
symptoms of shock, but not specifically measured. Re- 
cently, the most important application of invasive mon- 
itoring has been related to quantitative measurements 
of tissue perfusion and tissue oxygenation by evalua- 
tion of temporal changes of oxygen delivery (DOs) 
and oxygen consumption (VO). 


OXYGEN TRANSPORT. Evaluation of the bulk movement 
of oxygen is a useful measure of tissue perfusion be- 
cause (a) oxygen is easily measured in arterial and 
mixed venous blood, (b) it is associated with a large 
arteriovenous gradient, (c) it is related to overall tissue 
perfusion and clinical outcome, and (d) cellular oxy- 
gen uptake is a measure of overall body metabolism. 
Reduced tissue oxygenation is the major functional 
impairment of hemorrhagic, traumatic, septic, and 
postoperative shock. 

Overall measurement of peripheral circulation and 
tissue perfusion may be quantitatively evaluated by 
oxygen delivery (DO), which is the product of cardiac 
output and arterial content (see Fig. 15-1). Similarly, 
overall body metabolism may be evaluated by ox- 
ygen consumption (VOzs), which is the product of car- 
diac output and the arteriovenous O, difference 
[C(a~v)O.]. The oxygen contents of arterial and 
mixed venous blood are the products of hemoglobin 
concentration, the percent hemoglobin saturation, 
and a constant (1.36) that represents the volume of 
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oxygen carried by each gram of saturated hemoglobin, 
plus a small amount of oxygen dissolved in plasma 
(0.0031 x PaQ,).* 

Oxygen delivery (i.e., the amount of oxygen deliv- 
ered to the tissues per minute) is the primary role of 
the circulatory system. As such, DO, reflects the overall 
circulatory function to peripheral tissues. Increases 
above the normal range represent compensation. 
Spontaneous increases in DO, in the face of trauma, 
infection, and other forms of stress represent compen- 
satory responses to increased tissue demands. The in- 
crease in cardiac index and DO, in response to a 
standard fluid volume load is also an indirect measure 
of the circulation’s capacity to compensate. Failure of 
DO: to increase with colloid fluid challenge or after 
stimulation with an inotropic agent such as dobuta- 
mine may indicate limited circulatory reserve capacity. 

The temporal pattern of DO, change is more infor- 
mative than a single set of measurements.’ For exam- 
ple, after evaluating a series of high-risk human surgi- 
cal procedures, survivors generally displayed increased 
DO», VO», and cardiac index compared with nonsurvi- 
vors in the postoperative period (Fig. 14-1). 

The rate of oxygen consumption (VO) measures 
overall body metabolism and represents the total of all 
oxidative metabolic reactions. The VO, may be limited 
by a progressively decreasing rate of oxygen delivery 
(DO,), the “supply side” of the equation. While DO,/ 
VO, relationships have been demonstrated in experi- 
mental laboratory studies, the patterns are not always 
as obvious in clinical conditions, when many other 
problems may contribute.’” "! 


EARLY HEMODYNAMIC AND OXYGEN 
TRANSPORT PATTERNS IN SHOCK 


High-risk surgical patients may be used as a model 
for shock because time relationships can be precisely 
determined (see Fig. 14-1).4 In clinical studies, the 
time-related patterns exhibited by nonsurvivors con- 
sisted of reduced blood flow and oxygen transport in 
the intraoperative and immediate postoperative peri- 
ods. By contrast, survivors had fewer circulatory deficits 
and had improved blood flow and oxygen transport 
variables in the early postoperative period. Compared 
with the nonsurvivors, the survivors had (a) greater 
increases in cardiac index and flow-related variables, 
with lower central venous pressures and pulmonary 
capillary wedge pressures; (b) less pulmonary vasocon- 
striction; (c) greater increases in DO, and VO», with 
lower oxygen extraction rates and normal blood gases; 
(d) greater hematocrit, blood volume, and red cell 
mass, and (e) less pulmonary shunting (Qsp/Qt).*® 


*PaOz., arterial oxygen tension. 
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FIGURE 14-1 


Temporal patterns of mean 
arterial pressure, cardiac index, 
pulmonary artery occlusion 
(wedge pressure), systemic 
vascular resistance index, oxygen 
delivery, and oxygen 
consumption obtained 
preoperatively (P), 
intraoperatively (I), and at 
successive time periods 
postoperatively in a series of 
survivors and nonsurvivors with 
organ failure. Solid lines denote 
survivor patterns; dotted lines 
denote nonsurvivor patterns. 
Data represent mean values + 
SEM (vertical bars). Survivors had 
trends of significantly greater 
cardiac index, oxygen delivery, 
and oxygen consumption than 
nonsurvivors. (Redrawn from 
Shoemaker WC, Appel PA, Kram 
HB. Hemodynamic and oxygen 
transport responses in survivors 
and nonsurvivors of high-risk 
surgery. Crit Care Med 21:977- 
990, 1993, with permission.) 


Preoperative patients with sepsis, severe stress, acci- 
dental injury, and advanced cirrhosis often had high 
preoperative baseline cardiac index (CI) values.® In 
the postoperative survivors, there were increases over 
their own baseline values in cardiac index, DO., and 
VO, but minimal changes in other hemodynamic vari- 
ables. Nonsurvivors had little or no increases in cardiac 
index, DO,, and VO, despite higher central venous 
pressure and pulmonary artery wedge pressure. 

Critically ill patients with congestive heart failure 
(CHF) or hypovolemic shock usually had preoperative 
hypotension, high pulmonary artery wedge pressures, 
and reduced CI, DO,, and VO,. However, in the early 
postoperative period the average CI, DO., and VO, 
values of survivors were appreciably higher than those 
of the nonsurvivors.° 


OXYGEN DELIVERY AND 
CONSUMPTION RELATIONSHIPS 


The patterns of DO, and VO, vary in the early 
compensated states of acute circulatory failure inde- 
pendent of cause. Characteristically, the hemorrhagic 
and cardiac shock patients have greatly reduced DO, 
with only moderately reduced VO,, because of in- 
creased oxygen extraction. Septic, postoperative, and 
trauma patients have increased DO, and VO, in their 
early compensated states. The combination of sepsis 
with accidental or surgical trauma increases metabolic 
demands, as shown by the further increases in VOy. 
These data suggest that circulatory function increases 
when possible to compensate for increased body me- 
tabolism. When increases in DO, are limited by hypo- 
volemia or reduced cardiac function, an increased oxy- 
gen extraction ratio is the principal compensatory 
response. 


ESTIMATION OF OXYGEN DEBT 


The degree and duration of tissue hypoxia may be 
estimated as the net cumulative deficit of oxygen con- 
sumption (VO,). Guyton and colleagues'* ° measured 
VO, in dogs subjected to hemorrhage. When the net 
accumulated O; debt was less than 100 ml/kg, all dogs 
survived. In contrast, when the O; debt was greater 
than 140 ml/kg, all died; the halfway point where 50 
percent lived was 120 ml/kg. Other methods have 
been developed to assess high-risk human surgical pa- 
tients.’ 


OUTCOME PREDICTION 


The common denominator of shock and the major 
determinant of outcome is inadequate tissue oxygen 
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delivery (DO,) and consumption (VO,) with related 
oxygen debt. °° Inadequate VO», which is the earliest 
pathogenic circulatory event, appears at, or before, the 
initial hypotensive crisis. It leads to oxygen debt that 
limits body metabolism and increases mortality and 
morbidity. 

Inadequate oxygen consumption may result from 
(a) low blood flow from cardiogenic or hemorrhagic 
shock, (b) maldistribution of blood flow due to uneven 
microcirculatory vasoconstriction, and (c) increased 
tissue metabolism from sepsis, trauma, stress, or other 
disorders. Low flow or uneven (i.e., maldistributed) 
flow successively leads to tissue hypoxia, organ dysfunc- 
tion, organ failure, and death.* **° In acute illness, 
oxygen debt may occur from increased tissue meta- 
bolic demand or reduced oxygen supply. Decreased 
oxygen delivery occurs in cardiac insufficiency or fail- 
ure, hypoxemia, respiratory failure, trauma, hemor- 
rhage, dehydration, cardiopulmonary arrest, and other 
acute circulatory catastrophes. 

Tissue hypoxia precipitates or triggers a number of 
metabolic responses (chapter 15). These include the 
arachidonic acid cascades to form thromboxane, pros- 
taglandins, and leukotrienes; production of histamine, 
other amines, and serotonin; complement system acti- 
vation; tumor necrosis factor (TNF) and cytokine pro- 
duction; bacterial antigenemia; and formation of oxy- 
gen free radicals. These mediators are thought to 
initiate or intensify organ failure. 


THERAPEUTIC GOALS 


Studies have demonstrated a direct relationship be- 
tween patterns of cardiac index, DO», VO», oxygen 
debt, organ failure, and death.' 9! 26 28 These clinical 
trials showed improved survival, reduced organ failure, 
and decreased treatment costs when supranormal val- 
ues for cardiac index, DO,, and VO, were used as 
therapeutic goals in the first 8 to 12 hours after high- 
risk surgery.>” 1% 143 However, when optimal therapy 
is delayed until after organ failure occurs, it is not 
effective. 

Multicomponent monitoring provides insight into 
the markedly different physiologic changes occurring 
over time in critical patients. Early abnormal changes 
(“monitored events”) in cardiac, pulmonary, and tis- 
sue perfusion are utilized to guide therapy by some 
clinicians. These have been defined in human studies 
as a sudden decrease (> 20%) in cardiac index, or 
reductions of cardiac index less than 2.5 L/min/m’; 
decreased SaO,* by pulse oximetry less than 90 per- 
cent, transcutaneous oxygen tension (P,,O,) to less 


*SaQOz., arterial oxygen saturation. 


270 ABNORMAL CARDIOVASCULAR FUNCTION AND PRINCIPLES OF THERAPY 


than 50 torr, and P,.O./PaOsz to less than 0.60.76 These 
noninvasive monitoring systems may be used to evalu- 
ate serial functional changes of cardiac, respiratory, 
and peripheral tissue function.* Cardiac index identi- 
fies changes in cardiac function. Blood gases measured 
by conventional blood gas analysis and by pulse oxim- 
eter reflect pulmonary function. The P,.O, and P,.O./ 
PaO, index indicates tissue perfusion, as do DO, and 
VO». 

In one study, use of these parameters identified 636 
events in 247 high-risk surgical patients just before, 
during, or immediately after high-risk surgery.” At the 
time of the baseline evaluation, about three fourths of 
the perioperative events recorded normal or increased 
cardiac, respiratory, and peripheral perfusion, but 
about one fourth had reduced function in one or 
more of these areas. At the nadir, cardiac index was 
decreased in about two thirds of the events and perfu- 
sion was decreased in over half, but PaO, was reduced 
in only one quarter. Recovery was associated with im- 
proved blood flow in about two thirds of the events 
and improved perfusion in over half, but improvement 
in PaO, occurred in less than 1 in 5. 


OPTIMIZING PHYSIOLOGIC VARIABLES 
FOR SHOCK MANAGEMENT 


Targeting supranormal physiologic parameters 
should be a major goal in shock management.” The 
concept of achieving supranormal values has been sup- 
ported by many investigators. !® 1% 1% 1% 1-21, 24.27 Data 
from human studies showed no significant differences 
between the mortality of patients managed with a CVP 
catheter and those with pulmonary artery catheters 
using normal values as therapeutic goals. By contrast, 
when pulmonary artery catheter monitoring was used 
to guide therapy to achieve supranormal physiologic 
goals (cardiac index, DO», and VO»), morbidity and 
mortality were significantly reduced.® 15- Thus, thera- 
peutic interventions can be guided by intensive patient 
monitoring to allow treatment modifications as neces- 
sary (see Table 14~1; see also Tables 15-6, 15-7). Simi- 
larly, documentation of relatively normal or low physio- 
logic oxygen transport and hemodynamic values could 
serve as an early warning for adverse outcome.':* * 12 


TITRATION OF THERAPY TO ACHIEVE 
OPTIMAL GOALS 


Increasing circulatory function to achieve supranor- 
mal oxygen transport values helps maximize oxygen 
delivery. For example, if therapy increases oxygen de- 
livery (DO,) by 50 to 100 ml/min/m?, and oxygen 
consumption (VO) also increases by 15 to 25 ml/ 
min/m’, “supply-dependent’” VO, may be assumed, 


and further therapy should be considered. By contrast, 
if no increase in VO, results from significantly in- 
creased DO,, “supply-independent” VO, may be as- 
sumed; this suggests that the oxygen debt has been 
corrected, or the microcirculatory defect is irreversible 
or uncorrected with the given therapy and dose." 

Therapeutic algorithms have been successfully ap- 
plied for initial therapy in human critical care. These 
are then modified as required for patient age, various 
specific diagnostic and high-risk categories, hyperdy- 
namic states (trauma, stress, sepsis, recent surgery), 
hypodynamic states (hemorrhage, hypovolemia, and 
cardiogenic problems), specific organ failures (respira- 
tory, renal, hepatic, cardiac, central nervous system), 
and postoperative complications (sepsis, septic shock, 
disseminated intravascular coagulation, and nutritional 
failure).* ** The objective is to minimize the degree 
and duration of tissue hypoxia. Guidelines for hemody- 
namic and blood gas monitoring are listed (see Tables 
15-6, 15-7). 


FLUIDS AND TRANSFUSIONS. Hemodynamic and oxygen 
transport responses to fluid therapy are roughly pro- 
portional to their success in expanding plasma volume. 
Colloids expand plasma volume and improve hemody- 
namics and oxygen transport, whereas crystalloids 
largely expand interstitial volume.'® © Crystalloid infu- 
sions therefore require very large volumes. For the 
critically ill, high-risk, noncardiac failure patient, vigor- 
ous fluid loading without exceeding a pulmonary 
wedge pressure of 20 mmHg is the first and most 
important maneuver to achieve optimal volume expan- 
sion. The use of colloids, dextrans, and hydroxyethyl 
starch is discussed (see Tables 15-4, 15-5). Critically 
ill patients may also require transfusions to maintain 
hematocrit levels sufficient to provide optimal oxygen 
delivery. 


INOTROPIC AGENTS. After fluid administration has 
been maximized, inotropes may be necessary in some 
patients to maintain or increase forward stroke volume 
(see Table 15-4). Dobutamine is generally the agent of 
choice. It improves cardiac contractility by stimulating 
myocardial §,-adrenergic receptors and by relaxing 
previously vasoconstricted metarterioles (8.-adrenergic 
effects), thus improving microcirculatory flow and tis- 
sue oxygenation.!> 3 The initial dose (2 to 5 wg/kg/ 
min) should be increased as required to reach optimal 
goals. Hypotension may occur if hypovolemia has not 
been previously corrected by adequate fluid therapy. 


VASODILATORS. Vasodilators such as nitroprusside, ni- 
troglycerin, hydralazine, and labetalol are generally 
used to treat cardiogenic pulmonary edema (pulmo- 
nary artery wedge pressure > 20 mmHg) (see Table 
15-8). Blood pressure monitoring is necessary to de- 
tect and prevent hypotension. 


VASOPRESSORS. Dopamine, norepinephrine, or epi- 
nephrine can be used to correct hypotension if fluid 
resuscitation has not adequately restored blood flow 
(see Table 15-4). However, vasoconstriction may re- 
duce microcirculation and worsen tissue perfusion by 
a-adrenergic stimulation of smooth muscle in metar- 
terioles. 
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15 


Treatment of 
Shock 


STEVEN C. HASKINS 


“Shock” is a syndrome—not a disease. It is associated with acute reduction 
in effective blood flow, resulting in failure to maintain transport and delivery 
of vital substrates to sustain organ function.” ° 


DEFINITION. In this chapter, shock is defined as inadequate cellular energy 
production. Thus, the term can be applied to any progressive disease or 
process that leads to disruption of cellular and organ function and, ulti- 
mately, death. Hypoperfusion is a key concept in the recognition and under- 
standing of shock. 

To describe an animal as being “in shock” says very little other than that 
the animal is “really sick.” Thus, the term “shock” should always be pre- 
ceded by a descriptive adjective (e.g., hypovolemic, cardiogenic, septic, and 
so on) to help characterize the underlying pathophysiology. The word 
“shock” is applied when clinical signs indicate cardiovascular collapse, men- 
tal obtundation, and other signs related to reduced systemic blood flow. 


CLINICAL CATEGORIES OF SHOCK 


For clinical purposes, it is useful to categorize shock states based on the 
mechanism or primary cause of circulatory failure (Table 15-1). These 
groupings are often somewhat arbitrary, share overlapping mechanisms, and 
serve only to iHustrate the multiple avenues by which organ dysfunction 
may develop. An animal may have more than one type of shock, and the 
characteristics of circulatory disturbance may change with time or therapy 
(see Fig. 33-8). 


CARDIOGENIC SHOCK 


Cardiogenic shock is a syndrome in which inadequate cardiac output 
causes insufficient delivery of oxygen to tissues, resulting in inability of the 
heart to meet resting tissue metabolic demands.’ Etiologies include primary 
or secondary dilated cardiomyopathy; pericardial tamponade; myocardial 
toxins (e.g., Adriamycin toxicity); and drugs that depress myocardial func- 
tion (general anesthetics, large doses of B-adrenergic blockers) .* Congestive 
heart failure, ischemic injury and necrosis, or metabolic derangement may 
progress to cardiogenic shock. Without therapy, deterioration is relentless. 
Sympathetic nervous system and renal-neurohumoral activation results in a 
spiraling decline of cardiovascular function. 

Hemodynamic features of cardiogenic shock include low systolic (<80 
mmHg), or mean (<60 mmHg) blood pressure; elevated arteriovenous 


TABLE 15-1 
Clinical Classification of Shock: Mechanism 
or Primary Cause 


Shock 


Classification Primary Mechanism Examples 


Cardiogenic Poor contractility Dilated cardiomyopathy 
Toxins/drugs 
Myocardial infarction 
Pericardial tamponade 
Distributive | Vasomotor dysfunction Arteriovenous shunting 
Hypotension (expanded 
venous Capacitance) 
High or normal resistance © Hypodynamic late 
septic shock 
Aypoxemic Lack of oxygen Anemia 
Hypoxemia 
Metabolic Inability to utilize energy Sepsis 
substrates Cyanide poisoning 
Heat stroke 
Hypoglycemia 
Obstructive Inadequate cardiac preload Pericardial tamponade 
Restrictive pericarditis 
Intracardiac masses 
Hypovolemic Inadequate circulating Dehydration (any 
blood volume cause), hypo- 
proteinemia 
Blood loss 
Septic Bacteremia Sepsis 


Endotoxemia 


oxygen difference; depressed cardiac index (cardiac 
output related to body weight); elevated central venous 
(>10 mmH,O) and pulmonary capillary wedge pres- 
sure (>15 mmHg).” 

Low-flow states resulting from hypovolemia may have 
hemodynamic profiles similar to cardiogenic shock 
with an important exception: with cardiogenic shock, 
there are elevated ventricular filling pressures (i.e., 
increased left-sided heart preload suggested by pulmo- 
nary artery wedge pressure >15 mmHg, and elevated 
right-sided heart preload suggested by jugular venous 
distention and increased central venous pressure gen- 
erally >10 cm H,O). 

Clinical features of myocardial failure include in- 
adequate tissue perfusion, often coupled with gallop 
rhythms, cardiac murmurs,  electrocardiographic 
(ECG) abnormalities (arrhythmias, cardiac chamber 
enlargement patterns), and thoracic radiographic 
changes (severe cardiomegaly, effusions, congestion). 
When cardiogenic shock is suspected, an ECG should 
be obtained immediately, because evidence of signifi- 
cant abnormalities may focus attention toward the 
heart. Echocardiography (chapter 8) provides a rapid, 
noninvasive, and accurate test to assess cardiac struc- 
ture and function. Radiographs are essential for diag- 
nosis and to plan treatment. Specific therapies are 
reviewed in chapters 25 through 29. 


DISTRIBUTIVE SHOCK 


This category encompasses a potpourri of condi- 
tions. It represents severe alteration in distribution of 
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blood flow—without critical decrease of intravascular 
volume, cardiac function, or obstruction to blood 
flow.® Distributive shock may result from decreased 
arterial resistance caused by inflammatory vasodila- 
tion, arteriovenous shunting, or increased venous ca- 
pacitance as in septic shock. Arteriovenous shunts re- 
duce net cardiac output and tissue blood flow. Severe 
trauma may cause signs similar to those of hypovolemic 
shock (even though there is no evidence of blood 
loss) due to maldistribution of available blood volume.’ 
Cardiac output may be increased but is inadequate 
to maintain normal tissue requirements. Peripheral 
vascular resistance is reduced, and hypotension is pres- 
ent. 


HYPOVOLEMIC SHOCK 


Hypovolemia is the most common cause of reduced 
systemic blood flow and may result from whole blood 
or plasma loss, hypoproteinemia, increased vascular 
permeability, or any cause of dehydration. Hypovo- 
lemia is considered to be a form of distributive shock 
by some because it is normally associated with compen- 
satory peripheral vasoconstriction, which interferes 
with peripheral (visceral organ) perfusion. 


OBSTRUCTIVE SHOCK 


Obstruction to cardiac filling reduces cardiac pre- 
load and leads to reduced cardiac output. Impedance 
to cardiac filling most commonly results from pericar- 
dial tamponade (chapter 29). Other disorders include 
large space-occupying masses in the atria, ventricles, or 
cava; torsion of spleen, stomach, or intestines; masses 
impinging on major vessels, and severe embolization. 


HYPOXEMIC SHOCK 


Hypoxemic shock implies that tissues are being per- 
fused (to differentiate it from distributive shock), but 
tissue oxygenation is severely impaired. The two com- 
mon examples of hypoxic shock include anemia (low 
oxygen content) and hypoxemia (low partial pressure 
of oxygen or low hemoglobin saturation due to pulmo- 
nary pathology). Methemoglobinemia (oxidized, ferric 
hemoglobin) and carboxyhemoglobin (carbon monox- 
ide poisoning) decrease the oxygen-carrying capacity 
of hemoglobin. 


METABOLIC SHOCK 


Neurohormonal or intracellular reflexes may inter- 
fere with cellular energy production even though tis- 
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sues are being adequately perfused and oxygenated. 
Metabolic responses may be altered in sepsis somewhat 
differently from the effects of vasoactive intermediates 
and cell-mediated injury. 

A number of conditions can cause metabolic shock. 
Cyanide intoxication can interfere with mitochondrial 
cytochromic oxidative phosphorylation. Heat stroke is 
a form of metabolic shock in which the metabolic rate 
exceeds the animal’s ability to deliver energy sub- 
strates. Hypoglycemia causes inadequate energy sub- 
strate for cerebral metabolism. 


SEPTIC SHOCK 


This complex syndrome causes multiple and dispa- 
rate clinical abnormalities that are often complicated 
by signs related to the inciting illness (see Fig. 33-8). 
The most frequent cause is gram-negative bacteremia.® 
There are multiple risk factors: infectious disorders, 
debilitating conditions (e.g., trauma, neoplasia, gastro- 
enteritis, burns), immunosuppression (e.g., viruses 
including feline immunodeficiency virus and feline 
leukemia virus, glucocorticosteroid therapy, chemo- 
therapy), surgery, and indwelling catheters.” Prognosis 
is usually grave. Septic shock is a form of distributive 
shock resulting from intravascular bacteria (bacter- 
emia) and/or enterotoxins (heat-labile bacterial toxins 
primarily from gram-negative bacteria). 

Endogenous mediators activated by any systemic 
condition (Table 15-2) may trigger enzymatic cascades 
with systemic consequences, including vasodilation, 
complement system activation, and leukotaxis.’ 1° 
These cascades include (1) tumor necrosis factor re- 
leased from macrophages; (2) platelet-activating factor 
from macrophages, neutrophils, platelets, and endo- 
thelial cells; (3) interleukin-1 and -6 from macro- 
phages and endothelial cells; (4) neutrophil activation 
with the release of superoxide, proteases, and catalases; 
(5) eicosanoids (thromboxane and leukotrienes) from 
cell membranes of macrophages, neutrophils, plate- 


TABLE 15-2 

Systemic Stressors Capable of Inducing Systemic 
Inflammatory Response Syndrome (SIRS) and 
Multiple Organ Dysfunction Syndrome (MODS) 


Sepsis (bacterial, viral, fungal, rickettsial, spirochetal) 
Heat stroke 

Trauma 

Pancreatitis 

Uremia 

Gastrointestinal ischemic or inflammatory disease 
Disseminated cancer 

Hypovolemic shock 

Autoimmune diseases (AIHA, ITP, SLE*) 


*AYHA, autoimmune hemolytic anemia; ITP, immune thrombocytopenic 
purpura; SLE, systemic lupus erythematosus. 


lets, and mast cells; and (6) activation of complement 
(anaphylatoxins C3a and C5a), coagulation, and fi- 
brinolytic cascades. 

Early in septic shock, decreased systemic vascular 
resistance (from mediator-induced vasodilation) re- 
sults in increased stroke volume and cardiac output, 
causing a hyperdynamic state. Venous dilation results 
in venous pooling and decreased cardiac return. Clini- 
cal signs include tachypnea, tachycardia, bounding 
femoral arterial pulses, and red mucous membranes.® 
Later stages result in a hypodynamic state character- 
ized by hypotension, decreased cardiac output, and 
increased peripheral vascular resistance. With lethal 
progression, decreased right and left ventricular func- 
tion and cardiac output occur." 


SYSTEMIC INFLAMMATORY RESPONSE 
SYNDROME (SIRS) 


Once activated, these cascades propagate positive 
feedback loops to one another that “‘autoperpetuate” 
the entire process and cause adverse systemic effects. 
The clinical and laboratory manifestation of this 
process is referred to as the systemic inflammatory re- 
sponse syndrome, or SIRS (Table 15-3). “Septic” SIRS 
describes the condition when an infectious cause is 
detected. 


MULTIPLE ORGAN DYSFUNCTION 
SYNDROME (MODS) 


When the systemic inflammatory response syndrome 
becomes severe or prolonged, organ function deterio- 
rates. This results in the multiple organ dysfunction syn- 
drome, or MODS (Table 15-3). When the cause is sepsis 
(based upon positive blood cultures or fever with leu- 
kocytosis), then the term “septic” MODS or septic 
shock is appropriate. 

One must realize that SIRS and MODS represent 
two stages of a disease continuum. The clinical findings 
can often overlap, and there is not always a clear 
clinical distinction between the two. Organ function 
declines in shock as cell function deteriorates. Myocar- 
dial contractility, cardiac output, and oxygen delivery 
decrease. Inappropriate changes in vasomotor tone 
occur, resulting in either vasodilation (hypotension) 
or vasoconstriction (impaired tissue perfusion). Gas- 
trointestinal ulceration and hemorrhage occur. Oli- 
guric or anuric renal failure ensues. Vascular perme- 
ability decreases, resulting in hypoproteinemia and 
hypovolemia. Diffuse, infiltrative pulmonary edema 
and hypoxemia develop. Anemia, hypoproteinemia, 
coagulopathies, lactic acidosis, and hypoglycemia are 
also common features of SIRS and MODS. 

Treatment is directed toward restoring tissue perfu- 


TABLE 15-3 

Clinical Manifestations of Systemic Inflammatory 
Response Syndrome (SIRS) and Multiple Organ 
Dysfunction Syndrome (MODS) 


SIRS MODS 
Historical Abnormalities 
Anorexia +/++ ++/+++ 
Lethargy +/++ +t+/tt+ 
Diarrhea (hemorrhagic) + 
Physical Examination 
Clinical depression +/++ +++ 
Fever Y 
Hypothermia Y 
Vasodilation (red mucous Y 


membranes; accelerated 
capillary refill time) 

Vasoconstriction (pale Y 
mucous membranes; 
prolonged capillary refill 
time) 

Heart murmur 

Arterial pulse quality 
“Bounding” Y 
Normal or decreased 
Tachycardia; arrhythmias + 

Tachypnea; hyperventilation Y 

Petechiae or bleeding Ł 


I+ 


4a 


Clinical Pathology 
Hyperglycemia +/Y 
Hypoglycemia +/Y 
Leukocytosis (possibly Y 
following transient 
leukopenia; left shift, 
mild toxic changes) 
Leukopenia or rapid Y 
decrease in leukocytes 
with marked left shift, 
toxic neutrophils 
Coagulation parameters 


Normal to hyperactive Y 
Hypoactive Y 
Increased liver enzymes Y 
(particularly alkaline Y 
phosphatase) 
Jaundice +/Y 
Hypoalbuminemia EY: +/Y 
Azotemia +/++ +/++/+++ 
Acidosis (lactic/ È +/++ 
metabolic) 
Hemodynamic Changes ' 
Cardiac output 
Normal to high Y 
Low Y 
Arterial blood pressure; 
central venous pressure 
Normal +/++ + 
Low +/++/+++ +/++4 


Y, usually present; +, possibly present; +/+ +/+ + +, mild, moderate, se- 
vere, 


sion and abolishing systemic infection. Management 
of SIRS and MODS is primarily directed toward the 
underlying disease process and secondarily toward sys- 
temic manifestations. Each major organ system must 
be evaluated thoroughly and repeatedly and therapy 
modified accordingly (Table 15-4). 
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MANAGEMENT OF SHOCK 


The acronym “VIP” is clinically useful to guide ini- 
tial management of the shock patient. V refers to 
ventilation (ensure pulmonary O, and CO, exchange); 
I to infusion (provide adequate intravascular volume); 
and P to pumping (support cardiac function).'? Con- 
ventional views have traditionally focused on restoring 
circulation to “normal” and treating problems associ- 
ated with organ system failure. Newer views for some 
types of shock stress attaining objectives of enhanced 
tissue oxygen delivery and consumption in concert 
with restoring circulation, cardiac output, and other 
hemodynamic variables to higher than “normal” val- 
ues (chapter 14).!> 14 


VENTILATION 


Clinical observation of the thoracic excursion and 
breathing pattern for adequate chest movement and 
respiratory distress is enhanced by arterial blood gas 
analysis to measure acid-base status and ventilation 
adequacy. Hypoxemia in the absence of hypercapnia 
and respiratory acidosis indicates the need for increas- 
ing inspired oxygen concentration (e.g., oxygen ther- 
apy using nasal oxygen delivery). If increasing inspired 
O, fails to reverse hypoxemia (PaO, <60 mmHg), or 
if progressive respiratory acidosis occurs (PaCO, > 
60 mmHg), endotracheal intubation and ventilation 
(assisted or intermittent) with a volume-controlled res- 
pirator may be considered. If decreasing pulmonary 
compliance or “shock lung” (acute respiratory distress 
syndrome, or ARDS) develops, PEEP (positive end- 
expiratory pressure) or CPAP (continuous positive air- 
way pressure) may recruit alveoli and decrease pulmo- 
nary arterial venous shunting.’® 

The need for ventilatory support (i.e., PEEP, CPAP) 
must be balanced with the potential for deleterious 
effects. Mechanical ventilation increases intrathoracic 
pressure. This impedes venous cardiac return (pre- 
load) and thus cardiac output and oxygen delivery. 


INFUSION (FLUID THERAPY) 


Restoration of an effective circulatory volume is a 
first priority in the management of shock and multiple 
organ dysfunction. Clinical evidence suggesting dimin- 
ished circulating volume includes (1) a history of ex- 
cessive fluid or blood loss (vomiting, diarrhea, hemor- 
rhage), (2) signs referable to severe dehydration 
(decreased skin turgor, tacky oral mucous mem- 
branes), (3) signs referable to arterial vasoconstriction 
(prolonged capillary refill time, cool appendages, an- 
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TABLE 15-4 
Treatment of SIRS and MODS 


Restore Effective Circulating Volume 


Crystalloids: 40 to 100 ml/kg IV 
Colloids: 10 to 30 ml/kg IV 
Hypertonic saline: 4-6 ml/kg IV of 7.5% hypertonic saline 


Support Cardiovascular Function (myocardial contractility, cardiac 
output, arterial blood pressure, and oxygen delivery) 
Dopamine (CRI): 1-3 wg/kg/min (dopaminergic activity; 
increase renal perfusion) 
3-5 pg/kg/min (B,-adrenergic activity; 
inotropic support) 
5-10 pg/kg/min (a-agonist activity; 
vasopressor) 
Dobutamine (CRI): 2-15 pg/kg/min 
Pressors (CRI): 
Dopamine: 5-10 pg/kg/min 
Norepinephrine: 0.1-1 g/kg/min 
Vasodilators: 
Hydralazine: 1-3 mg/kg PO bid; especially pulmonary edema 
from chronic mitral regurgitation 
Nitroprusside: 1-10 g/kg/min CRI; cardiogenic pulmonary 
edema 
Optimize Pulmonary Function 


Oxygen: maintain PaO, >80 mmHg; SaO; >95% 
Positive pressure ventilation 
Positive end-expiratory pressure (PEEP); 5 to 15 cm H,O 


Maintain Blood Oxygen Content 


Red blood cell substitutes (Oxyglobin, see text) 
Transfusion therapy (maintain PCV >25 to 30%) 
Packed red cells: 11 ml/kg will increase PVC approximately 
10% 
Stored whole blood: 22 ml/kg will increase PCV approximately 
10% 
Maintain PaO, (partial pressure of oxygen) >80 mmHg; SaO, 
>95% 


Support Colloid Oncotic Pressure (maintain total protein >3.5-4.0 
g/dl; Alb >1.5-2.0 g/dl; colloid oncotic pressure >15 
mmHg): 

Plasma: 10 ml/kg IV 

Hetastarch: 10-30 ml/kg/day 

Dextrans: 20 ml/kg for Ist 24 hr; 10 ml/kg for 2nd 24 hr 

Whole blood: Dogs, 10-40 ml/kg; cats, 5-20 ml/kg 

Maintain Urine Output (1-2 ml/kg/hr) 

Fluids: Maintain CVP approximately 8-10 cm H,O, 
mean arterial blood pressure >80 mmHg, and 
systolic arterial blood pressure >100 mmHg 

Diuretics (mannitol; furosemide; dopamine) 

Gastrointestinal Support 

Fluids (as above); enteral nutrition; histamine.-blockers; 

sucralfate; misoprostil; corticosteroids 

Treat Coagulopathies (DIC) 

Heparin 

Fresh plasma: 10 ml/kg IV (repeat until bleeding controlled) 

Cryoprecipitate: 0.5 unit/4.5 kg (repeat until bleeding 

controlled) 

Antimicrobials 

Other Therapies 

Glucocorticosteroids 

Glucose 

Sodium bicarbonate 

Nutritional support 


CRI, constant rate infusion; PCV, packed cell volume; SaO,, oxygen percent saturation, arterial; DIC, disseminated intravascular coagulation. 


uria), and (4) poor femoral arterial pulse quality, and 
low central venous and arterial blood pressures. End- 
points of initial fluid administration include decrease 
or normalization of heart rate, restoration of accept- 
able femoral arterial pulse quality, and a return of 
urine output. Restoration of the central venous pres- 
sure (CVP) to a high-normal level (8 to 10 cm H,O) 
suggests that an adequate volume load is being pre- 
sented to the heart. Restoration of mean (>60-80 
mmHg) systemic blood pressure is important to cere- 
bral and coronary perfusion. 


CRYSTALLOIDS 


Lactated Ringer’s or equivalent solution, having ap- 
proximately normal extracellular concentrations of so- 
dium, potassium, chloride, and a “bicarbonate-like” 
anion (bicarbonate, lactate, gluconate, or acetate), is 
a good fluid with which to begin blood volume restora- 
tion therapy. These fluids can be administered rapidly, 
in large volumes, without causing important changes 
in major extracellular electrolyte concentrations. Crys- 
talloid fluids may need to be administered in volumes 


equivalent to half to one, or more, times the animal’s 
estimated blood volume (i.e., 80 to 90 ml/kg for the 
dog and 50 to 55 ml/kg for the cat). Animals with 
coexistent pulmonary edema, cerebral edema, or con- 
gestive heart failure require close monitoring and at- 
tenuation of fluid infusion to assure adequate blood 
volume restoration without worsening these condi- 
tions. i 

The volume restoration achieved by crystalloid fluids 
may be fleeting, and if hypotension or vasoconstriction 
recurs (fluid redistribution or continued bleeding may 
be the cause), further fluid administration, perhaps in 
the form of colloids or whole blood, is indicated. Only 
about 20 percent of a crystalloid fluid remains in the 
vascular fluid compartment 30 minutes following ad- 
ministration.'*"* The remainder diffuses across endo- 
thelial membranes to be redistributed into the intersti- 
tial fluid compartment. Addition of blood or colloid 
therapy may help sustain vascular fluid volumes. 

Excessive hemodilution is a common limitation to 
crystalloid fluid administration. This is defined as a 
packed cell volume less than 15 to 25 percent (de- 
pending upon the systemic status of the patient; see 


later discussion under Integrated Monitoring of Car- 
diopulmonary Function) or a total protein less than 
3.5 g/dl (albumin <1.5 g/dl). 

Subcutaneous edema formation during fluid admin- 
istration may occur with excessive crystalloid therapy. 
Edema may occur in the face of hypovolemia if the 
patient is hypoproteinemic or if there is increased 
vascular permeability. Vascular permeability can be 
high in septic shock, allowing leakage of even very 
high molecular colloids. 


HYPERTONIC SALINE 


In some cases it is difficult to administer sufficient 
fluid volumes rapidly enough for resuscitation, This is 
especially true when time is limited by critical status 
and when large patient size limits rapid infusion of 
large volumes. Hypertonic saline may be selected to 
achieve the greatest cardiovascular benefit with the 
least volume of infused fluids. It improves most cardio- 
vascular parameters and tissue perfusion, and de- 
creases the required volume of subsequent fluids.!** 
The optimal concentration or dose of hypertonic sa- 
line has not been clearly established, but 7.5 percent 
is the most commonly studied formulation. It may also 
be administered intraosseous. 

One-time intravenous administration of relatively 
small doses (3 to 5 mg/kg of 2400 milliosmoles [7.5 
percent] slowly over 3 to 5 minutes) induces plasma 
volume expansion. Marked effects on resuscitation in 
hypovolemia or hemorrhagic shock have been re- 
ported.?!*’ The most commonly recommended dose is 
4-6 ml/kg over 3 to 5 minutes. 

Mechanisms of action are probably more compli- 
cated than can be explained only by fluid shifts from 
the intracellular to extracellular fluid compartments. 
Additional actions thought to be important include 
osmoreceptor- and neurohumoral-stimulated effects.” 

Certain factors limit efficacy of hypertonic saline. As 
with crystalloids, fluid redistribution from the intravas- 
cular to extravascular compartments occurs. Thus, the 
intravascular volume-expanding qualities and hemody- 
namic effects of hypertonic saline are short-lived. This 
may necessitate additional fluid therapy such as col- 
loid, blood component, or crystalloid administration. 
Deleterious effects of 7.5 percent saline include hyper- 
natremia, hyperchloremia, hyperosmolality, hypoka- 
lemia, hypobicarbonatemia, and acidemia. Its use, 
therefore, is limited to initial resuscitation, and it 
should not be repeated. 


COLLOIDS 


Colloid solutions may be more effective than hyper- 
tonic saline in restoring blood volume. They are re- 
tained to a greater extent within the vascular fluid 
compartment and therefore exert longer-lasting ef 


TREATMENT OF SHOCK 277 


fects. Use of colloids should be considered (1) when 
there is lack of response to crystalloid fluid infusion, 
(2) when edema develops prior to adequate blood 
volume restoration, and (3) when it is necessary to 
reduce required crystalloid fluid volume administra- 
tion. Both hetastarch and dextrans are similarly effec- 
tive at expanding blood volume.” They are approxi- 
mately 3 to 4 times more effective at restoring blood 
volume compared to isotonic crystalloids. Infusion of 
colloids increases colloid oncotic pressure, whereas ad- 
ministration of crystalloid fluids decreases it. Dextran 
70 and hetastarch are probably equally efficacious in 
raising plasma oncotic pressure and volume. A number 
of colloid solutions are commercially available (Table 
15-5). 

Synthetic colloids are commercially packaged and 
are generally iso-osmotic and hyperoncotic. They sup- 
port plasma colloid oncotic pressure and thus help 
counteract effects of reduced plasma colloid oncotic 
pressure associated with hypoproteinemia. If the total 
protein is low (<3.5 g/dl or albumin <1.5 g/dl), or is 
likely to be reduced below this level with crystalloid 
therapy, plasma or a plasma substitute (dextran 70 
or hetastarch) may be administered as part of the 
fluid therapy. 

Potential limitations of high doses include increased 
clotting times resulting from platelet dysfunction and 
fibrin clot alteration, although these effects may be 
somewhat less with hetastarch than with dextrans. 


HETASTARCH. Hydroxyethyl starch is a modified amy- 
lopectin, a highly branched glucose polymer. The mol- 
ecule is rapidly hydrolyzed by plasma and hepatic 
amylases.” During initial elimination, small molecules 
(<50,000 daltons) are primarily excreted by the kid- 
ney. Some are extravasated from capillaries and phago- 
cytized by the reticuloendothelial system.” Elimination 
kinetics are complex because of the heterogeneity of 
hetastarch solutions. After infusion into healthy dogs 
subjected to hemorrhage, 38 percent was present in 
the plasma and 31.5 percent had been excreted in 
the urine 24 hours after infusion.2* When measured 
between days 7 and 28 after a single infusion of 25 
ml/kg, the half-life varied between 7.5 and 8.4 days.” 

The duration of plasma expansion is approximately 
3 to 24 hours.”° Multiple hetastarch infusions increase 
serum half-life in humans, but no data regarding simi- 
lar administration are available in dogs. 

Two commercial hetastarch solutions are available: 
hetastarch (450/0.7) and pentastarch (260/0.7). The 
numerical values preceding the slash (e.g., 450) indi- 
cate the average molecular weight of the colloid; the 
numerical values listed after the slash (e.g., 0.7) indi- 
cate the degree of hydroxylation of the starch mole- 
cules. Half-life is dependent upon the degree of hy- 
droxylation and on the complexity of the molecular 
structure. 
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TABLE 15-5 
Comparison of Common Colloid Solutions 
6% 10% 
Plasma 6% Dextran 70 Hetastarch 10% Dextran 40 Pentastarch Gelatin 
Potential source In-house; ABB; Baxter; Abbott; DuPont Abbott; Baxter; McGaw; DuPont SmithKline 
Cutter; Alpha McGaw McGaw; Pharmacia Beecham 
Therapeutic 
Range of molecular 66-69 (albumin); 15-160 10-2500 10-90 10-2000 5-100 
weight (1000 daltons) 200-500 (globulin) 
Average molecular 119 70 450 40 264 35 
weight (1000 daltons) 
Colloid oncotic pressure 20-22 60-64 30-32 80-85 40 45-47 
(mmHg) 
Water-retaining capacity 13-18 20-25 15-20 20-25 15-25 
(ml/g) [sustained] 
Volume expansion 67 75 81 70 
(% volume infused) 
[immediate] 
Volume expansion 9 32 33 19 
(% volume infused) 
[sustained] 


The osmolality of a colloidal solution suspended in an isotonic crystalloid is about 300 mOsm/kg. 


ABB; Animal Blood Bank, Dixon, CA (916) 678-7350 

Abbott, Abbott Park, IL (800) 222-6883 

Alpha Therapeutic, Los Angeles, CA (213) 225-2221 

Baxter Healthcare, Round Lake, IL (800) 933-0303 

Cutter (Miles) Pharmaceutical, West Haven, CT (203) 937-2000 
DuPont, Wilmington, DE (800) 441-7516 

McGaw, Irvine, CA (714) 660-2000 

Pharmacia, Piscataway, NJ (732) 457-8000 

SmithKline Beecham, Exton, PA 


Hetastarch has extremely low toxicity and does not 
adversely affect cell-mediated immune functions.?™ In 
people, it has rarely been associated with allergic reac- 
tions. In cats, the LD; of a single acute dose is greater 
than 4.5 g/kg (75 ml/kg).**> Dogs have tolerated doses 
of 130 to 250 ml/kg and 200 to 1000 ml/kg during a 
period of 2 to 5 days and 3 to 38 days, respectively.” 
Doses of 200 ml/kg administered to hypoproteinemic 
dogs over a 5-hour period resulted in no adverse ef- 
fects.*! Hetastarch does not interfere with red cell typ- 
ing and cross-matching procedures, although it may 
be associated with a doubling of serum amylase con- 
centrations in the absence of pancreatitis. 

Experimental data suggest a number of beneficial 
renal effects of hetastarch administration. During se- 
vere hemorrhagic shock, it appears to support renal 
function.” Reversal of oliguric renal failure has been 
reported after early administration.*® Doses of 20 ml/ 
kg improved renal dysfunction in hypotensive and nor- 
motensive dogs.” 

Hetastarch can affect some coagulation parameters; 
it may decrease all components of factor VHI-related 
complex and should therefore be used with caution 
when von Willebrand’s disease is known or suspected.” 
Otherwise, doses of less than 1 to 1.5 g/kg (16 to 25 
ml/kg) probably have few serious deleterious effects 
on coagulation. Hetastarch affects plasma volume vari- 
ably, depending in part on the degree of extravascular 


fluid expansion and initial plasma volume.” The aver- 
age plasma expansion in normovolemic dogs who were 
administered 25 ml/kg of hetastarch was 137 percent 
of infused volume.” After infusing an average of 50 
ml/kg of hetastarch in dogs with hemorrhage, postin- 
fusion plasma values exceeded preinfusion values by 
more than 200 percent.” The duration of plasma 
expansion after a single dose is between 24 and 48 
hours.?7-*° 

The recommended initial dose of hetastarch is 10 to 
30 ml/kg/day. Animals may benefit from concurrent 
crystalloid fluid support representing about two thirds 
of the calculated dose.*® 


DEXTRANS. Dextrans are mixtures of linear polysac- 
charides produced by the bacteria Leuconostoc mesenter- 
oides or lactobacilli on sucrose media. Subsequent acid 
hydrolysis produces commercially available molecular 
weight dextrans. Molecular weights above 50,000 dal- 
tons are widely distributed in the body and are metabo- 
lized by dextrinases at the rate of 70 mg/kg of body 
weight/day.** 

Dextran 40 is rapidly filtered by the glomerulus and 
may be associated with an osmotic diuresis and high 
urine specific gravity. In states of active tubular reab- 
sorption of sodium and water, such as occurs in dehy- 
dration, dextran molecules concentrate in the tubular 
lumen, increase the filtrate viscosity, and perhaps pre- 


cipitate. This may plug the tubule and cause acute 
renal failure. Dextran 70 and hetastarch have not 
been implicated as a cause of acute renal failure. Com- 
pared with dextran 70, dextran 40 (1) is more hyper- 
oncotic, (2) causes greater initial blood volume expan- 
sion, (3) has a shorter duration of action (1.5 to 4 
hours), and (4) significantly lowers blood erythrocyte 
aggregating capacity, viscosity, and microvascular sludg- 
ing. Dextrans are dosed at 20 ml/kg for the first 24 
hours and 10 ml/kg per 24 hours thereafter. 

Dextrans produce a dose-related defect of primary 
hemostasis which is greater than that due to simple 
dilution alone.” Prolongation of activated partial 
thromboplastin time (APTT) is attributed to a reduc- 
tion of factor VIII:C activity. Prolonged bleeding time 
and decreased platelet adhesiveness are attributed to 
inhibition of the von Willebrand factor—antigen activ- 
ity. Although it is not expected that even large doses 
would induce bleeding in normal dogs, dextrans 
should be used conservatively when von Willebrand’s 
disease or other bleeding tendencies are suspected. 
This effect on coagulation and platelet function may 
potentially be therapeutic in thromboembolic diseases. 

Additional problems with dextran administration 
have been reported. Dextrans interfere with red cell 
typing and cross-matching procedures. Therefore, this 
must be taken into account if blood transfusion is 
contemplated. Naturally occurring dextran antibodies 
exist in the general human population, resulting from 
exposure to dietary and gastrointestinal tract bacteria- 
produced dextrans. The incidence of reactions has 
been rare following reformulation of these products.” 
Allergic reactions have not been reported in animals. 
Dextran 70 is antigenic, interferes with blood typing 
and cross-matching due to rouleaux formation, inter- 
feres with blood glucose measurement, and must be 
stored at stable temperatures (25° C) to avoid precipi- 
tates. 


BLOOD PRODUCTS 


PLASMA. Species-matched plasma directly replaces 
fluid and protein lost to extravascular spaces. Plasma is 
not as efficient as other colloids for increasing plasma 
colloid oncotic pressures and plasma volume. When 
preparing blood components, plasma is separated as 
blood is centrifuged at a speed to achieve 5000 g for 
30 minutes at 1 to 6° C. Plasma is then expressed into 
a Satellite bag and units of plasma (200 to 300 ml) 
should be frozen for future use. Fresh plasma is made 
by separating it from whole blood within 3 to 4 hours 
of collection; it should be used within 24 hours.” 
Approximate initial dose is 10 ml/kg. 


ALBUMIN. Albumin comprises about 50 percent of the 
total plasma protein and affects about 80 percent of 
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the total plasma colloid oncotic pressure. There is 
approximately 4 to 5 g of albumin/kg in extracellular 
fluid. Approximately 35 percent of the total is located 
in the interstitial space.” 4 Albumin synthesis is regu- 
lated by colloid osmoreceptors in the hepatic endo- 
plasmic reticulum.” Synthesis may be inhibited by arti- 
ficial colloid administration or hyperglobulinemia.* 
Albumin helps maintain intravascular colloid on- 
cotic pressure and volume. It has a strong negative 
charge and is an important carrier of certain drugs, 
hormones, metals, enzymes, chemicals, and toxins 
(e.g., Cations, anions, toxic oxygen radicals, toxic in- 
flammatory substances). Albumin is administered in 
humans to maintain plasma proteins without affecting 
clotting function.“ The plasma half-life is 16 hours 
and the body half-life (in healthy people) is about 
20 days. Usage in veterinary medicine is currently 
restricted by availability, lack of clinical trials, and the 
potential for antigenic reactions following repeated 
administrations. Formulation of a 3 percent albumin 
preparation can be made by adding 12 ml of 25 per- 
cent human albumin to 488 ml of lactated Ringer’s 
solution; it is administered at 20 ml/kg intravenously.* 


WHOLE BLOOD. Hemoglobin is a major factor in de- 
termining blood oxygen content. Thus, when hemo- 
globin concentration decreases, oxygen content de- 
creases and oxygen delivery may become inadequate. 
Depending upon other factors, including cardiac out- 
put and PaO,, oxygen delivery may become deficient 
when the hemoglobin is reduced to less than 5 to 10 
g/dl (packed cell volume below 15 to 30 percent). 
Therapeutically, hemoglobin concentration must be 
maintained in high-normal ranges when blood oxygen- 
ation and cardiac output are compromised as in septic 
shock or multiple organ dysfunction syndrome. 

In dogs, naturally occurring isoantibodies are un- 
common and only weakly antigenic. With first-time 
transfusions, reactions are reported to be uncommon 
when cross-matching is not performed. When they do 
occur, their severity is often minimal. However, dogs 
that have had a transfusion greater than 5 days pre- 
viously should be cross-matched. Donor blood should 
be negative for dog erythrocyte antigen (DEA) 1.1. 
The importance of DEA 1.2 and DEA 7 in transfusion 
reactions is controversial because they are weakly anti- 
genic.”” 

In cats, naturally occurring isoantibodies occur and 
it is advisable that cats should be cross-matched prior 
to transfusion. Type A cats have low titers of naturally 
occurring anti-B antibodies, but Type B cats have high 
titers of strong, naturally occurring anti-A antibodies. 
Mean red blood cell survival times in matched transfu- 
sions were 38 days in one report.* Transfusion of Type 
B blood into Type A cats was associated with a mean 
red blood cell survival time of 2 days and only minor 
transfusion reactions, whereas transfusion of Type A 
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blood into Type B cats was associated with a mean red 
blood cell survival time of 1 hour and severe transfu- 
sion reactions.” A compatible major cross-match of 
the blood donor with the untyped recipient identifies 
a safe transfusion and a blood Type A recipient. An 
incompatible major cross-match of Type A and un- 
typed recipient identified an unsafe transfusion and a 
blood Type B recipient.* 

Blood typing of donor cats is necessary. Cats most 
likely to be Type A are the domestic shorthair and 
longhair “mongrel” cats. Type B cats are most com- 
mon in Scottish Fold, Birman, Himalayan, Abyssinian, 
Somali, Persian, Devon Rex, and British shorthair 
breeds.*) 5°? 

The volume of blood to be transfused depends upon 
(1) the degree of anemia, (2) the time over which it 
occurred, and (3) the extent of ongoing hemorrhage 
or hemolysis. When 2.2 ml/kg of whole blood is ad- 
ministered to anemic cats, the packed cell volume 
(PCV) increases approximately 1 percent.” Alterna- 
tively, a general formula may be used to calculate the 
required transfusion volume of whole blood required 
to increase recipient PCV to a desired level: 


Volume (whole blood) = 
body wt (kg) x (66 for cats, 88 for dogs) 


s% Desired PCV — Recipient PCV 
PCV of transfused blood 


where species blood volume is approximately equal to 
66 ml/kg in cats and 88 mg/ml in dogs.** A general 
rule of thumb to guide the amount of blood to be 
administered is: dogs receive 10 to 40 ml/kg and cats 
receive 5 to 20 ml/kg for small to large transfusions, 
respectively. Whole blood and plasma is administered 
over about 2 to 4 hours to minimize clinical manifesta- 
tions of volume overload or foreign protein histamine- 
mediated reactions. Immunologic transfusion reac- 
tions may be clinically manifested by restlessness, acute 
collapse, hypotension, dyspnea, wheezing, urticaria, 
hemoglobinemia, hemoglobinuria, or fever. If any of 
these signs develop, the transfusion should be stopped 
immediately.” 


RED BLOOD CELL SUBSTITUTES. The quest for oxygen- 
carrying red blood cell substitutes intensified when 
human acquired immunodeficiency syndrome (AIDS) 
increased the risk for blood-borne transmission. One 
blood substitute, Oxyglobin® (Biopure Corp., Cam- 
bridge, MA), is a bovine-derived, ultrapure, polymer- 
ized hemoglobin solution (hemoglobin concentration, 
13 g/dl) that has recently received veterinary FDA 
approval.** Recommended dosage in dogs is a one 
time dose of 30 ml/kg administered IV at a rate of up 
to 10 ml/kg/hr. The major veterinary indication for 
red blood cell substitutes is acute, reversible anemia. 


CARDIAC SUPPORT 


Cardiotonics may be required in some cases to main- 
tain cardiac contractile function. A constant rate infu- 
sion of dobutamine or dopamine is usually selected 
(see later; also, see chapter 12). 


INTEGRATED MONITORING 
OF CARDIOPULMONARY 
FUNCTION 


The purpose of fluid therapy in shock is to restore 
effective circulating volume to “supranormal” levels 
(chapter 14). Determination of efficacy involves a 
number of clinical observations and measured assess- 
ments. These include mucous membrane color and 
capillary refill time; appendage temperature; urine 
output; heart rate; and femoral arterial pulse quality. 
In animals that respond well to fluid therapy, this 
level of monitoring is usually sufficient. A number of 
patients, however, fail to respond to fluid therapy alone 
and do not attain acceptable cardiovascular improve- 
ment. Therapy in these cases is modified to include 
additional fluids and sympathomimetic drugs. Ideally, 
appropriate management decisions are guided by basic 
cardiovascular monitoring in addition to clinical signs 
and assessments. 


CENTRAL VENOUS PRESSURE 


The central venous pressure (CVP) is affected by 
venous blood volume (venous return), venomotor 
tone, ventricular compliance, and cardiac output. It is 
indirectly associated with right ventricular preload 
(end-diastolic filling volume) when diastolic function 
is normal and elevated values suggest high right ven- 
tricular filling volume. Measurements of CVP should 
be interpreted with reference to patient history, physi- 
cal examination and other parameters of cardiovascu- 
lar function. A CVP of less than 5 cm H,O suggests 
that additional fluids or increased administration rates 
are necessary. Alternatively, a CVP greater than 10 cm 
H:O suggests that the rate of fluid therapy administra- 
tion is sufficient or excessive, depending upon clinical 
conditions and signs. 


ARTERIAL BLOOD PRESSURE 


Monitoring arterial blood pressure (ABP) may be 
important, especially when treating conditions associ- 
ated with impaired myocardial contractility, hypoten- 
sion, or large fluxes in vascular volume. Arterial blood 


TABLE 15-6 


Hemodynamic Parameters Used for Patient Monitoring 


Measured Parameters 


Arterial blood pressure 

Central venous pressure 

Cardiac output 

Arterial blood gases 

Mixed venous blood gases 

Pulmonary artery occlusion pressure (wedge pressure) 
Hemoglobin (packed cell volume) 


Calculated Variables 


Variable Formula 


Cardiac index 
Systemic vascular resistance index 
Pulmonary vascular resistance index 


CI = Cardiac output/BSA 
SVRI = 79.92* (MAP — CVP)/CI 
PVRI — 79.92* (MPAP — WP)/CI 
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Units 


L/min * m? 
dyne * sec/cm? + m? 
dyne + sec/cm* + m? 


Mean transit time Direct measurement sec 

Central blood volume CBV = MTT X CI X 16.7 “ml/m? 
Stroke index SI = CI/HR ml/m? 

Left ventricular stroke work LVSW = SI X MAP x 0.0144* g*m/m* 
Right ventricular stroke work RVSW = SI X MPAP x 0.0144* g*m/m* 
Left cardiac work LCW = CI X MAP X 0.0144* kg + m/m? 
Right cardiac work RCW = CI X MAP X 0.0144* kg + m/m? 
Oxygen delivery DO, = CI X CaO, X 10 ml/min? + m? 
Oxygen consumption VO, = CI X C(a—v)O; X 10 ml/min * m? 


*0.0144 and 79.92 are conversion factors. 


BSA, body surface area; MAP, mean arterial pressure; MPAP, mean pulmonary arterial pressure; WP, pulmonary wedge pressure; MTT, mean transit time; HR, 


heart rate; CaO,, arterial O; content; C(a — v)O,, arteriovenous O; difference. 


pressure is the product of cardiac output times sys- 
temic vascular resistance (chapter 35). Mean pressure 
should be maintained at greater than 60 mmHg and 
systolic pressure at greater than 80 mmHg. Normal 
blood pressure does not insure the presence of accept- 
able cardiovascular function—it assures only that one 
component of it may be adequate. Moreover, although 
arterial blood pressure may be within the normal 
range, it may not indicate appropriate cardiac output 
and tissue perfusion since persistent vasoconstriction 
may normalize pressure measurements. If arterial 
blood pressure is low after fluid therapy while CVP is 
high, sympathomimetics may be indicated. 


CARDIOVASCULAR 
CATHETERIZATION FOR 
HEMODYNAMIC MONITORING 


Placement of a balloon-tipped, thermodilution car- 
diac output catheter allows the measurement and cal- 
culation of various hemodynamic parameters (Table 
15-6; see also Figure 14-1); these provide a compre- 
hensive overview of cardiovascular status (Table 15- 
7).°’ As discussed in chapter 14, such evaluations may 
be especially beneficial in critically ill or unstable pa- 
tients, or when CVP and arterial blood pressure are 
normal but clinical parameters of tissue perfusion and 
arterial pulse quality are still suboptimal. 


The interrelationships of hemodynamic and cardio- 
vascular parameters are illustrated in Figure 15-1. Pul- 
monary occlusion pressure (i.e., pulmonary capillary 
wedge pressure, PCWP) is a measurement of left-sided 
heart preload. Acute left-sided heart failure or fluid 
overload can cause a PCWP of greater than 15 mmHg, 
and monitoring this parameter may be useful during 
aggressive vasodilator therapy, especially when sodium 
nitroprusside is administered. Cardiac output can be 
evaluated by thermodilution and used as an index of 
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FIGURE 15-1 


Important hemodynamic relationships in management of shock. 
Hb, hemoglobin concentration; PaO,, partial pressure of oxygen in 
arterial blood. 
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TABLE 15-7 
Normal and Minimally Acceptable Cardiopulmonary Values to Guide Therapy in Critically II] Patients 
Minimally 
Acceptable 

Parameter Normal Value Value Optimal 
Arterial blood pressure (mmHg) (mean) 80-120 60-80 80-120 
Central venous pressure (cm H,O) 0-10 >6 8-10 
Cardiac output (L/m?/min) 3.5-5.5 >4 >5 
PaO, (mmHg) 80-110 >60 >80 
SaO, (mmHg) 98-99 >90 >95 
PaCO, (mmHg) 35-45 <60 35-45 
PvO, (mmHg) 40-50 >30 >40 
Pulmonary artery occlusion pressure (mmHg) 8-12 >6 10-14 
Systemic vascular resistance (dynes * sec + cm?) 16,000-24,000 >500; <2500 500-1500 
Pulmonary vascular resistance (dynes + sec * cm°) 150-200 =s = 
Hemoglobin (g/dl) 13-16 >7-8 >9-10 
Systemic oxygen delivery (L/m?/min) 600-900 >600 >800 
Oxygen consumption (L/m?/min) 150-200 >100 >150 
Oxygen extraction (%) 20-30 <35 <25 
Venous admixture (%) <10% As low as possible As low as possible 


the heart’s ability to accept and eject blood adequately. 
A low cardiac output can be caused by reduced preload 
(e.g., severe volume contraction from dehydration, 
blood loss, overdiuresis, conditions of ventricular un- 
derfilling such as cardiac tamponade) or poor contrac- 
tility. 


OXYGEN DELIVERY AND CONSUMPTION. As described in 
chapter 14, oxygen delivery and consumption must be 
optimized to effect a successful outcome. Common 
causes of decreased oxygen delivery include reduced 
cardiac output or low arterial oxygen content. The 
latter is often due to anemia or hypoxemia. Low oxy- 
gen consumption may be attributed to insufficient oxy- 
gen delivery, shunting of blood past metabolically ac- 
tive tissue beds, or intrinsically impaired metabolic 
function. Attention is focused on methods to assure 
optimal oxygen delivery, provide vascular volume sup- 
port and avoid excessive vasoconstriction or vasodila- 
tion. 


VENOUS ADMIXTURE. This expresses the lung’s ability 
to oxygenate the blood. It is a better index of pulmo- 
nary function than PaO, alone or the alveolar-arterial 
PO, gradient and may be elevated in the respiratory 
distress syndrome or septic multiorgan dysfunction syn- 
drome. Management options include oxygen adminis- 
tration to optimize ventilation/perfusion or positive 
pressure ventilation to reopen collapsed small airways 
and alveoli. 


DRUG THERAPIES 


SYMPATHOMIMETIC AGENTS 


Certain drugs (Table 15-8) may be indicated for 
cardiovascular support when fluid therapy alone has 
failed to restore acceptable tissue perfusion, pulse 
quality, arterial blood pressure, and cardiac output, or 
to reduce elevated central venous or pulmonary artery 
occlusion pressures.**® Inotropes may be required to 
maintain or increase cardiac output. Pressor agents 
may be needed to increase arterial blood pressure, but 
excessive vasoconstriction may impair tissue perfusion. 
Vasodilators may be useful to improve cardiac output 
and tissue perfusion, but may cause hypotension and 
a reduction in PaOy,. More aggressive oxygenation and 
ventilation support may be indicated if significant hy- 
poxemia develops. 

Untoward reactions to sympathomimetics relate to 
their agonist effects. These include sinus tachycardia, 
extrasystoles, and increased myocardial oxygen utiliza- 
tion with B,-agonists; systemic hypertension with ar 
agonists; and hypotension occurring with B.-agonists, 
a,-blockers, or direct-acting vasodilators. Dopamine 
and dobutamine are the most commonly used inotro- 
pic agents in shock therapy. 


DOPAMINE. This drug exhibits both direct and indi- 
rect cardiovascular effects, half of which is attributed 
to norepinephrine release from sympathetic nerve 


TREATMENT OF SHOCK 283 


TABLE 15-8 
Cardiotonic and Vasoactive Drugs Used in Septic Shock 

Receptor Activity 
Agent B Q Dosage Indication 
Dobutamine +++ + 2.5-15 pg/kg/min Low Q, high SVR 
Dopamine sie ++ 3-10 pg/kg/min Low Q, SVR, ABP 
Epinephrine e i a oe 0.1-1 pg/kg/min When patient nonresponsive to dopamine 
Norepinephrine + +++ 0.1-1 g/kg/min Low SVR, ABP 
Phenylephrine — +++ 25-100 wg/kg/min Low SVR, ABP 
Ephedrine + + 0.05-0.2 mg/kg Same as dopamine 
Nitroprusside Direct vasodilation 1-3 g/kg/min High SVR 
Hydralazine Direct vasodilation 0.2-0.5 mg/kg High SVR 


Q, cardiac output; SVR, systemic vascular resistance; ABP, arterial blood pressure. 


endings. Effects are dose related.*'** The duration 
of beneficial effects is limited due to depletion of 
presynaptic dopaminergic reserves, receptor sequestra- 
tion, or down regulation.® At low dosages (1 to 2 ug/ 
kg/min), B.-agonist and dopaminergic actions domi- 
nate, which enhance blood flow to renal and splanch- 
nic beds (except liver). Moderate doses (3 to 5 ug/ 
kg/min accentuate cardiac inotropy, and at higher 
doses (5 to 10 pg/kg/min), vasoconstriction predomi- 
nates. 

Dopamine is preferred over dobutamine if an in- 
crease in arterial blood pressure is the desired end- 
point. Greater pressor activity (and arrhythmogenicity) 
manifests as the dose increases. Higher doses may 
cause excessive vasoconstriction, and further dose in- 
creases provide no improvement in cardiac output or 
oxygen delivery. Dopamine constricts capacitance veins 
and may increase central venous and pulmonary occlu- 
sion pressures.®* Dopamine also decreases aldosterone 
secretion.” 


DOBUTAMINE. A direct-acting synthetic catecholamine, 
dobutamine increases cardiac output, oxygen delivery, 
and oxygen consumption more reliably than dopa- 
mine, primarily because dobutamine does not cause 
vasoconstriction. Dobutamine has potent B,-(cardiac 
stimulatory) and modest B»-(vasodilatory) properties, 
with lesser c)-agonist activity. Its major metabolite, 3- 
O-methyldobutamine, is an a,,inhibitor. Dobutamine 
administration is usually associated with a decrease in 
systemic vascular resistance, central venous pressure, 
and pulmonary occlusion pressure but can increase 
myocardial oxygen utilization. The ideal candidate for 
dobutamine therapy is an animal with severely de- 
pressed myocardial contractility, with elevated filling 
pressures but without hypotension (mean arterial 
blood pressure >80 mmHg). In heart failure patients, 
dobutamine reduces systemic vascular resistance and 
increases cardiac output while arterial blood pressure 
remains relatively constant.® Dosage is 2.5 to 15 ug/ 


kg/min. In cats, doses greater than 5 p/kg/min may 
induce seizures.” 


OTHER DRUGS TO SUPPORT CARDIAC 
OUTPUT AND BLOOD PRESSURE 


Epinephrine has potent Bi. and ai sagonist activities 
that are dose related. Lower dosages increase cardiac 
output with minimal changes in systemic vascular resis- 
tance. Higher dosages increase systemic vascular resis- 
tance and arterial blood pressure with no further im- 
provement in cardiac output. Epinephrine is most 
commonly used in cardiac arrest (chapter 21) and only 
occasionally in shock states unresponsive to dobuta- 
mine or dopamine. Ephedrine is an indirect-acting sym- 
pathomimetic drug that causes norepinephrine release 
from sympathetic nerve endings. Although not as po- 
tent or effective as dopamine and dobutamine, it has 
a longer duration of action. Norepinephrine and phenyl- 
ephrine are occasionally administered if arterial blood 
pressure cannot be stabilized with any of the other 
agents. These potent vasopressors should be used with 
caution because intense peripheral vasoconstriction 
may impair organ perfusion. 


VASODILATORS 


Hydralazine and nitroprusside. These drugs are occa- 
sionally used to treat acute, severe cardiogenic pulmo- 
nary edema (chapters 12, 13) and are uncommonly 
administered for shock therapy. Hydralazine is an arte- 
riolar vasodilator. When administered orally, it exerts 
significant arteriolar dilation and afterload reduction 
by 1 hour postadministration. Nitroprusside is a potent 
mixed arteriolar and venous vasodilator administered 
by constant rate infusion. It acts immediately, and 
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blood pressure must be carefully monitored to avoid 
hypotension. 


ANTIMICROBIAL AGENTS 


In shock, antibiotics should be administered by the 
parenteral route because of reduced gastrointestinal 
drug absorption. Because pathogen type and the spec- 
trum of antibiotic sensitivity cannot be known initially, 
a choice of broad-spectrum antimicrobial agent(s) 
should be favored (Table 15-9). Selection should also 
incorporate information about pharmacokinetics, anti- 
microbial characteristics, and patient status. Reported 
bacteremias are gram-negative 30 to 70 percent of the 
time, gram-positive in 25 to 50 percent, anaerobic in 
10 to 30 percent, and of mixed infection in approxi- 
mately 10 to 50 percent.o°™ 


AMINOGLYCOSIDES. Gentamicin, amikacin, netilmicin, 
and tobramycin are effective against most gram-nega- 
tive organisms and Staphylococcus aureus; they are not 
very effective against Streptococcus spp and anaerobes.” 


FLUOROQUINOLONES. Enrofloxacin (Baytril), nor- 
floxacin, and ciprofloxacin exhibit a spectrum of ac- 


TABLE 15-9 
Antimicrobials and Spectrums of Activity 


tivity similar to that of aminoglycosides. However, 
resistance is not plasmid-mediated, and therefore quin- 
olone antibiotics may be effective when resistance has 
developed to aminoglycosides.” Thus they should not 
be used indiscriminately when equally efficacious 
agents are available. 


BETA-LACTAMS. The usefulness of these popularly ad- 
ministered antibiotics is related to their safety, efficacy, 
and cost. 


PENICILLINS. Penicillin G, ampicillin, and amoxicillin 
are generally effective against gram-positive (Streptococ- 
cus sp and some Staphylococcus spp) and all anaerobic 
bacteria except beta-lactamase—-producing strains of 
Bacteroides fragilis and Actinomyces hordeovulnaris. They 
are not effective against gram-negative organisms. The 
beta-lactamase resistant penicillins (methicillin, nafcil- 
lin, oxacillin, cloxacillin) are generally effective against 
Staphylococcus spp but, in general, are not effective 
against anaerobes and gram-negative bacteria.”~” The 
extended-spectrum carboxypenicillins (ticarcillin and 
carbenicillin), and the extended-spectrum ureidopeni- 
cillins (azlocillin, piperacillin, mezlocillin) are broad- 
spectrum antibiotics with expanded activity against 


Gram-Positive 


, Spectrum 
Gram-Negative pea 

Agent Spectrum (Staph sp; Strep sp) Anaerobic Spectrum 
Penicillins: no often yes Yes (except some B. 

penicillin G fragilis and 

ampicillin actinomyces) 

amoxicillin 
Beta-lactamase—resistant penicillins: no yes yes no 

oxacillin 

methicillin 

nafcillin 

cloxacillin 
Extended-spectrum penicillins: yes yes yes yes 

carbenicillin 

ticarcillin 
Extended-spectrum ureidopenicillins: 

azlocillin 

piperacillin 

mezlocillin 
Cephalosporins: 

Ist generation some yes yes no 

2nd generation yes (except yes yes variable 

Pseudomonas) 

3rd generation yes yes yes yes 
Imipenem/cilastatin yes yes yes yes 
Aminoglycosides yes yes no no 
Fluoroquinolones yes yes no no 
Aztrconam yes no no no 
Metronidazole no no no yes 
Clindamycin no yes yes yes 


Staphylococcus sp and gram-negative and anaerobic bac- 
teria.” ” 74 7 Broad-spectrum effectiveness is en- 
hanced when they are combined with beta-lactam en- 
zyme inhibitors such as sulbactam or clavulinic acid. 


CEPHALOSPORINS. First-generation cephalosporins 
(cephalothin, cefazolin, cephalexin, cephapirin, ceph- 
adrine, cefadroxil) are effective against gram-positive 
bacteria. However, they have intermediate effectiveness 
against gram-negative bacteria and are generally inef- 
fective against anaerobes (especially B. fragilis and 
other Bacteroides spp).™ "> 7 Second-generation cepha- 
losporins (cefoxitin, cefamandole, cefaclor, cefurox- 
ime, cefonicid, ceforanide, cephotetan, cefmetazole) 
are effective against some anaerobes (including B. 
fragilis and other Bacteroides spp) and gram-negative 
organisms (except Pseudomonas spp).7 7> 74 7” Third- 
generation cephalosporins (cefotaxime, moxalactam, 
cefoperazone, ceftizoxime, ceftriaxone, ceftazidime, 
cefixime) have a gram-positive, gram-negative, and 
anaerobic spectrum; are highly beta-lactamase- 
resistant;’" 7” and probably are sufficiently effective and 
broad-spectrum to be used as the sole antibiotic. 


CARBAPENEMS. Beta-lactamase is the most common 
cause of resistance to extended-spectrum penicillins. 
Third-generation cephalosporins and these newer-gen- 
eration agents are resistant to B-lactamase-secreting 
organisms. Imipenem/cilastatin is resistant to Type I 
beta-lactamase and provides good, broad-spectrum cov- 
erage.”* 


MONOBACTAMS. Aztreonam is effective against most 
gram-negative bacteria (Escherichia coli, Klebsiella, Pro- 
teus, Enterobacter); however, it is not reliable for gram- 
positive and anaerobic bacteria.”* 


MACROLIDES. Clindamycin has a good spectrum of 
activity against Streptococcus spp, Staphylococcus spp, and 
many anaerobes (especially Bacteroides spp) but not 
gram-negative bacteria.”* 7° When used parenterally, it 
should be infused over a 30-minute period to avoid 
hypotension. 


OTHER AGENTS. Sepsis can also be caused by rickett- 
sial, protozoan, chlamydial, and viral infections, in 
which case the aforementioned antimicrobial agents 
may not be effective. Metronidazole (Flagyl) is effective 
against protozoa and obligate anaerobic bacteria (espe- 
cially Bacteroides spp). It is not effective against faculta- 
tive anaerobes or obligate aerobes.”™™ ” Rickettsia are 
usually susceptible to tetracycline, doxycycline, chlor- 
amphenicol, and imidocarb dipropionate. Chlamydia 
are usually susceptible to tetracycline, doxycycline, and 
chloramphenicol. Protozoa are usually susceptible to 
metronidazole, quinacrine hydrochloride, imidocarb 
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dipropionate, amprolium, pyrimethamine, and clinda- 
mycin.” 


GLUCOCORTICOSTEROIDS 


Corticosteroids have been advocated in shock for 
various reasons: organelle and cell membrane stabiliza- 
tion, improved cellular metabolism and gluconeogene- 
sis, improved microcirculation, decreased production 
of endogenous toxins (e.g., myocardial depressant fac- 
tor), decreased leukocyte activation and degranula- 
tion, and minimized reticuloendothelial depression 
and histologic organ damage. Agents generally recom- 
mended for hypovolemic and septic shock include hy- 
drocortisone (100 to 300 mg/kg); prednisolone and 
methylprednisolone (10 to 30 mg/kg); and dexameth- 
asone (4 to 6 mg/kg). 

Studies evaluating the efficacy of large-dose cortico- 
steroids in the treatment of septic shock have been 
conducted in humans***° 8889 and animals.” Improved 
survival was reported by some investigators;*’ others 
recorded more frequent reversal of shock in steroid- 
treated patients compared with controls, but without 
improved survival rates." No improvement in survival 
or reversal of the shock state was observed using 
methylprednisolone, 30 mg/kg plus 5 mg/kg/hr for 9 
hours* or 30 mg/kg repeated three times at 6-hour 
intervals for 24 hours.® *° Moreover, no significant 
differences were found in the incidence of secondary 
infections between steroid-treated versus untreated 
groups, although steroid-treated patients had higher 
mortality when secondary infections were present com- 
pared with the patients not given steroids.*" * A bene- 
ficial effect on survival was achieved with modest doses 
of hydrocortisone in septic shock patients.” 

Glucocorticoids are generally beneficial for treat- 
ment of shock associated with adrenal insufficiency 
and hypothyroidism. They are not indicated for cardio- 
genic shock. 


ANTIPROSTAGLANDINS 


Prostaglandins that are released into the systemic 
circulation during shock cause marked hemodynamic 
changes. These include decreased cardiac output, sys- 
temic hypotension, pulmonary hypertension, and in- 
creased vascular permeability. Experimental treatment 
with antiprostaglandins ameliorates these cardiovascu- 
lar changes and improves survival but generally does 
not affect the leukopenia, thrombocytopenia, acidosis, 
or coagulopathies that develop during septic shock. 
Adverse effects of antiprostaglandins include gastroin- 
testinal tract hemorrhage and ulceration, which are 
augmented by coadministration of corticosteroids. Re- 
nal afferent vasoconstriction has been reported when 
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ibuprofen was administered during septic shock in 
dogs.” The clinical usefulness of antiprostaglandins 
awaits further investigation. 


GLUCOSE 


If the blood glucose concentration is very low, a 
bolus of glucose (0.25 g/kg IV) should be adminis- 
tered. Adequate blood glucose concentration is then 
maintained by an infusion of a 2.5 to 10 percent glu- 
cose solution, titrated to the desired effect. 


SODIUM BICARBONATE 


Sodium bicarbonate should be administered if meta- 
bolic acidosis becomes severe during shock. If the base 
or bicarbonate deficit is known, the dose of bicarbon- 
ate can be calculated as: 


Sodium bicarbonate dose = 
Base deficit X [0.3 x body weight (kg) ] 


If the magnitude of metabolic acidosis cannot be mea- 
sured but is estimated on the basis of clinical signs as 
moderate to severe, then sodium bicarbonate, 3 to 5 
mEq/kg, may be administrated slowly over 20 minutes. 


EFFECTS OF SHOCK ON 
SPECIFIC ORGANS 


THE HEART 


HEART FAILURE. Impaired myocardial contractility is 
an early consequence of septic shock. The heart may 
become unable to compensate for hypotension re- 
sulting from arterial vasodilation or hypovolemia. Cor- 
onary perfusion may be compromised, further reduc- 
ing cardiac function. The left ventricular ejection 
fraction becomes depressed, resulting in further hypo- 
tension, inadequate tissue oxygen delivery, and multi- 
ple organ failure. Volume resuscitation with sympatho- 
mimetic cardiovascular support is indicated.” 


THE KIDNEYS 


ACUTE RENAL FAILURE. Urine output is an indirect indi- 
cator of renal blood flow. Anuria suggests inadequate 
renal (and visceral) perfusion that may precipitate 
acute organ failure if excessive or prolonged. Oliguria 
is a cardinal manifestation of shock. A urinary catheter 
should be placed to verify and quantify urine output. 

Fluid administration is the mainstay of renal perfu- 


sion and for inducing diuresis. If restoration of an 
effective circulating volume does not generate an ac- 
ceptable urine flow, diuretics should be administered. 
Furosemide, 5 mg/kg, intravenously, is a potent loop 
diuretic that promotes mild renal (and visceral) vasodi- 
lation. If urine flow is not detected within 10 minutes, 
the dose may be doubled or a different diuretic admin- 
istered. Mannitol, 0.5 g/kg, intravenously administered 
over 10 to 20 minutes, osmotically increases blood 
volume and renal perfusion and subsequently acts as 
an osmotic diuretic. If urine flow is not detected within 
10 minutes following the end of the mannitol infusion, 
another agent should be administered. Dopamine, 1 
to 3 pg/kg/min, intravenously, causes renal (and vis- 
ceral) vasodilation via dopaminergic-receptor stimula- 
tion. If each drug individually fails to induce an accept- 
able urine output, simultaneous administration of all 
agents may be attempted. 


THE GASTROINTESTINAL TRACT 


HEMORRHAGE AND MUCOSAL SLOUGHING. Gastrointesti- 
nal tract hemorrhage, mucosal ulceration, and 
sloughing are common consequences of septic shock. 
Mechanisms may be related to tissue hypoxia and di- 
minished organ perfusion, oxygen radical—-induced 
cell membrane lipid peroxidation, diffusion of luminal 
hydrogen ions into mucosal cells, deterioration of the 
effectiveness of the mucous barrier, destructive action 
of bile acids and pancreatic proteases, or some combi- 
nation of these causes.*: °° 

The mainstay of gastrointestinal tract protection in- 
volves (1) restoration of an effective circulating blood 
volume, and (2) re-establishment of adequate visceral 
perfusion and oxygenation. Drugs such as cimetidine 
and ranitidine, which block histamine (Hs) receptors, 
decrease gastric acid secretion, as do some anticholin- 
ergic agents such as glycopyrrolate. Sucralfate acts to 
coat and protect existing epithelial erosions. Misopros- 
tol, a prostaglandin E, analogue, and superoxide dis- 
mutase and catalase, oxygen radical scavengers, have 
been reported to diminish gastric injury in a septic 
shock. Methylprednisolone, however, was more effec- 
tive in this regard than was a combination treatment 
of misoprostol, superoxide dismutase, and catalase.” 
Clinical efficacy awaits additional trials. 


THE LUNGS 


RESPIRATORY FAILURE. Adult respiratory distress syn- 
drome (ARDS) is a diffuse, infiltrative pulmonary pa- 
renchymal disease that is a common sequela to trauma, 
shock, sepsis, and a variety of pulmonary insults. It is 
also receiving more attention in veterinary medicine. 
This syndrome is caused by increased pulmonary capil- 


lary permeability resulting from a series of complex 
systemic inflammatory interactions. This diffuse infil- 
trative process decreases lung compliance, increases 
the work of ventilation, and ultimately causes small 
airway and alveolar collapse, increased venous admix- 
ture, and refractory hypoxemia.” 

Oxygen therapy may be initially palliative. As the 
condition worsens, positive pressure ventilation be- 
comes necessary to re-expand small airways and alve- 
oli. Aggressive ventilatory settings are often necessary 
due to the severely reduced compliance of these lungs. 


THE BLOOD 


COAGULOPATHIES. Activation of the coagulation and 
platelet aggregation cascades is an early consequence 
of the systemic inflammatory response syndrome and 
multiple organ dysfunction syndrome. Acute dissemin- 
ated intravascular coagulation (DIC) is often present. 
Endogenous fibrinolysis leads to a rise in plasma fibrin 
degradation products. Small vessel thrombosis may 
cause microangiopathic red blood cell fragmentation 
(schistocytes) and intravascular and extravascular he- 
molysis. Hypocoagulopathy may develop secondary to 
depletion of coagulation precursors or accumulation 
of fibrin degradation products and is associated with 
multifocal hemorrhage, prolonged coagulation times, 
impaired clot formation, depletion of antithrombin III 
(AT IID), thrombocytopenia, and hypofibrinogenemia. 

Management of DIC involves several key steps: (1) 
Treatment of the underlying disease process is the 
single most important objective; (2) Crystalloid fluid 
is administered to maximize microcirculation (i.e., in- 
duce modest hemodilution); (3) The hypercoagulative 
state is treated to diminish thrombogenesis (e.g., hepa- 
rin, 100 p/kg subcutaneously every 6 hours) with the 
objective of impairing further coagulation; platelet ag- 
gregation can be inhibited by oral aspirin or dextran 
infusion; (4) Underlying prothrombotic factors (i.e., 
stasis, sepsis, dehydration, AT III deficiency) are modi- 
fied; and (5) secondary complications are prevented.” 


METABOLIC INJURY 


NUTRITIONAL SUPPORT. Early nutritional support 
(within 24 to 48 hours of hospitalization) represents 
an important aspect of critical care management.* 
Enteral feeding is preferable for several reasons. It 
preserves gut mucosal mass, gut impermeability, and 
mucosal immunity; it reduces infectious complications 
and release of inflammatory cytokines associated with 
critical illness; and it improves survival compared with 
intravenous feeding. 

Many animals can be successfully supported by feed- 
ing through a nasoesophageal or percutaneous placed 
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gastrostomy (PEG) tube. Some critically ill patients 
develop ileus that may limit the efficacy of feeding via 
the stomach. A jejunostomy tube should be considered 
if the stomach is not emptying appropriately, or if 
vomiting is a problem. Enteral feeding should provide 
nutrition for the gut itself and potentially satisfy pa- 
tient nutritional requirements. 

If the enteral feeding is not possible, intravenous 
feeding is recommended. However, this route is nutri- 
tionally inferior to enteral feeding and should not be 
used as the primary source of nutrition when the gut 
is working. 


TOXIC OXYGEN RADICALS. Toxic oxygen radicals may 
result from multiple mechanisms, including mitochon- 
drial electron bleed, eicosanoid metabolism, xanthine 
oxidase action on hypoxanthine, and neutrophilic acti- 
vation. These oxyradicals may cause tissue injury 
through (1) protein denaturation and fragmentation, 
altering both structure, function, and susceptibility to 
proteolysis; (2) oxidation of polyunsaturated fatty 
acids, making them more susceptible to hydrolysis by 
phospholipase Ay; (3) DNA strand breakage; and (4) 
NAD* and ATP depletion.” 

Antioxidant therapy may have a clinical role in septic 
multiple organ dysfunction syndrome. Although super- 
oxide dismutase, catalase, glutathione peroxidase, allo- 
purinol, alpha-tocopherol, “lazaroids,” corticosteroids, 
and other agents are being studied, their benefit in 
shock is speculative at this time. 
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Electrophysiologic 
Mechanisms for 
Arrhythmias 


KENNETH H. DANGMAN 


Research on the electrophysiology of arrhythmias has evolved through 
several phases. The first phase started in the 1890s, when extracellular 
recording techniques were developed to detect body surface electrocardio- 
grams and direct electrograms from the myocardium. Use of these tech- 
niques led to the recognition of several types of arrhythmias as well as 
description of two basic mechanisms for tachycardias in the atria or ventri- 
cles: ectopic automaticity and re-entrant activity. The second phase of re- 
search started in the late 1940s, with the development of intracellular re- 
cording techniques. These used potassium chloride-filled microelectrodes 
coupled to high-input impedance amplifiers to detect transmembrane action 
potentials (Fig. 16-1) from single cardiac cells in tissue preparations. The 
third phase began in the early 1980s, with the development of patch clamp 
techniques or cloned ion channels for the study of transmembrane ionic 
currents of enzymatically isolated myocytes.' 

Cardiac electrophysiology has been investigated intensively over the past 
100 years. Many of these studies used experimental animals with normal 
hearts or with induced pathology and arrhythmias. Therefore, the insights 
and conclusions gained from these studies are relevant to veterinary medi- 
cine. 


ELECTROPHYSIOLOGY OF THE NORMAL 
HEART 


It is necessary to understand normal cardiac function before considering 
the pathophysiology that can lead to arrhythmias. In the healthy individual, 
the heart remains in sinus rhythm (in many dogs, sinus arrhythmia predomi- 
nates), which appears on the surface electrocardiogram as a regular, re- 
peating sequence of three deflections or waveforms (Fig. 16-2). These three 
deflections are the P, the QRS, and the T wave. The normal cardiac impulse 
begins in the sinus node, which is also called the sinoatrial or SA node. In 
beagle dogs the node is up to 40 mm long and is found at the rostral 
junction of the anterior vena cava and the right atrium. The transmembrane 
potential of the sinus node pacemaker cells gradually decreases during 
diastole until threshold potential is attained (see Fig. 16-2). The specific 
pacemaker site can vary slightly; changes in autonomic tone and heart rate 
may shift the pacemaker within the node. 

Diastolic depolarization in the sinus node begins from a maximum poten- 
tial of about — 60 millivolts (mV), and it is thought to be produced by decay 
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FIGURE 16-1 


Diagrams of transmembrane action potentials. In both panels, the 
heavy line shows output of the microelectrode. Dashed line shows 
zero or extracellular reference potential. The voltage level (in 
millivolts) is shown along the vertical axis. Note time bar at lower 
right. 

Upper panel: Initially, the voltage level is zero when the tip of the 
electrode is in extracellular fluid. As the cell is impaled, the 
voltage reading reflects intracellular potential. During diastole, the 
transmembrane potential is about —90 mV. When an action 
potential occurs, the polarization of the membrane reverses; the 
transmembrane potential transiently spikes at +35 to +40 mV. 
This rapid upstroke is called phase 0 (zero). Repolarization occurs 
in three phases: phase 1 is the rapid repolarization phase that 
occurs | to 5 msec after the spike. Phase 2 is the slow 
repolarization that occurs during the action potential plateau. 
Phase 3 is the moderately rapid repolarization that occurs at the 
end of the plateau that carries the potential to diastolic levels 
(phase 4). 

Lower panel: Spontancously firing Purkinje fiber. Pacemaker 
activity in the heart occurs when phase 4 depolarization slowly 
carries membrane potential to the threshold voltage for inward 
current. Threshold voltage during diastole is shown here as a 
dashed line above the transmembrane potential. This pacemaker 
activity normally occurs in the SA node (see Fig. 16-2), and, if 
overdrive from the SA node is relieved, in subsidiary pacemaker 
tissues such as specialized atrial conduction tissue and ventricular 
Purkinje fibers (shown here). 


of a current “i,”’, which is an outward current carried 
by potassium ions, or by onset of an inward current 
“i, which is carried by sodium and potassium ions.” 
The upstroke of the sinus node action potential occurs 
when diastolic depolarization carries the membrane 
potential to the voltage thresholds for the onset of 
two inward calcium currents (“icar and then “icar )- 
Sinus node depolarization, occurring as it does in a 
relatively small mass of tissue, is not reflected on the 
surface electrocardiogram. 

After the pacemaker cell fires an action potential, 
the impulse conducts slowly throughout the sinus node 
and then spreads to the adjacent cells of the atrial 
myocardium. Once in the myocardium, the impulse 
propagates radially through the tissues of the right and 


left atria. Normal atrial muscle fibers have relatively 
high action potential amplitudes (100 to 110 mV) and 
maximum upstroke velocities (100 to 200 V/sec). The 
upstroke is carried by the fast Nat current (ina). The 
impulse is conducted fairly quickly throughout the 
atria. The wavefront of atrial depolarization produces 
the P wave of the electrocardiogram (see Fig. 16-2). 

The wavefront of the cardiac impulse is conducted 
from atrial tissues to the atrioventricular (AV) node. 
The wavefront of excitation may spread to the AV node 
via specialized pathways (called the anterior, middle, and 
posterior internodal tracts) in the right atrium. They carry 
the impulses preferentially to the AV node. They may 
be responsible for sinoventricular conduction. That is, 
sometimes during hyperkalemia no P wave occurs, but 
the sinus node will continue to fire and regularly acti- 
vate the ventricles. 

The atrioventricular node is specialized to provide 
slow conduction. The nodal cells are small and rela- 
tively poorly coupled electrically. The transmembrane 
action potentials of the nodal cells have low amplitudes 
(60 to 80 mV) and slow upstroke velocities (5 to 10 
volts/second [V/sec]), and they arise from relatively 
low diastolic potentials (about —60 mV). The up- 
strokes of the action potentials are carried by the slow 
inward or calcium current (ica), rather than the fast 
sodium current. As a result of the slow conduction, 


200 ms 


FIGURE 16-2 


Diagram of transmembrane action potentials in atrial and 
ventricular tissues during normal sinus rhythm. Traces, from top to 
bottom, show action potentials of a sinus node cell, atrial 
myocardial fiber, AV node cell, His bundle fiber, distal Purkinje 
fiber, endocardial ventricular muscle cell, and epicardial 
ventricular muscle cell. The lowermost trace shows the surface 
electrocardiogram. Note time and voltage calibration bars at the 
lower right. The voltage calibration bar is 2 mV for the 
electrocardiogram (ECG), 90 mV for action potentials. 
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the wavefront of the cardiac impulse propagates slowly 
through the AV node. The slow conduction allows an 
appropriate interval (60 to 130 msec in the canine 
heart, 50 to 90 msec in the feline heart) to elapse 
between atrial and ventricular contraction. 

When the impulse emerges from the distal end of 
the AV node, it invades the Purkinje fibers of the 
proximal His bundle. These Purkinje fibers have high 
diastolic potentials (about —90 mV), action potential 
amplitudes of 110 to 140 mV, and maximum rates of 
depolarization (200 to 1000 V/sec).* Depolarization of 
the cells of the atrioventricular node and the Purkinje 
system does not produce a waveform on the surface 
electrocardiogram. Extracellular recording of Purkinje 
fiber activity is possible, however, using an intracardiac 
catheter to detect the His bundle electrogram. 

Once the cardiac impulse enters the His bundle, it is 
rapidly propagated through the ventricular conduction 
system to the distal Purkinje fibers on the endocardial 
surfaces of both ventricles. The distal Purkinje fibers 
conduct the impulse to the subendocardial ventricular 
muscle. Propagation in the myocardium then pro- 
gresses to the subepicardial layers. Ventricular excita- 
tion gives rise to the QRS deflection of the surface 
electrocardiogram. 

After each impulse is conducted to the outermost 
layers of the ventricular walls, it is extinguished as 
the wavefront becomes surrounded with refractory or 
inexcitable tissues. The final event of the cardiac elec- 
trical cycle is ventricular repolarization. It produces 
the T wave and, rarely, a U wave (see Fig. 16-2). 


ELECTROPHYSIOLOGIC 
EFFECTS OF CARDIAC DAMAGE: 
GENERAL CONSIDERATIONS 


Cardiac arrhythmias rarely occur in normal hearts 
but often occur in hearts with structural degeneration 
or acute injury. Most myocardial lesions (including 
ischemia, anoxia, metabolic inhibition, stretch, digi- 
talis toxicity, myocardial infarction, congestive heart 
failure, and cardiomyopathies) will change cardiac ac- 
tion potentials in characteristic ways. These effects, as 
explained later, can lead to ectopic impulses, tachycar- 
dias, or fibrillation. 


DECREASES IN DIASTOLIC MEMBRANE 
POTENTIAL 


Typically, diastolic membrane potential is —80 to 
—90 mV in ventricular or atrial muscle cells and — 85 
to — 95 mV in Purkinje fibers. Generally, these diastolic 
potential levels will decrease (i.e., become less nega- 


tive) after myocardial damage. The decreases in dia- 
stolic potential that occur in these injured cells may 
result from (1) decreased activity of the sarcolemmal 
Na*-K* ATPase (the electrogenic “sodium pump,” 
which provides a net outward pump current as a result 
of the asymmetric transport of cations); (2) increased 
inward sodium conductance (Gya); and (3) decreased 
outward potassium conductance (Gx). 

These changes tend to increase net inward current, 
and therefore to depolarize the cell. In addition, 
decreased electrogenic sodium pump activity will 
increase intracellular Na* concentrations, decrease 
intracellular K* concentrations, and increase K* con- 
centrations in the interstitial clefts of the myocardium. 
These changes in concentrations of K* and Na* can 
help reduce the level of diastolic transmembrane po- 
tential by decreasing the magnitude of the electro- 
chemical ionic gradients across the cell membrane. 

When diastolic potential in working myocardial or 
Purkinje fibers decreases significantly, voltage-depen- 
dent changes will occur in cellular electrical activity. 
Reduced membrane potential can induce abnormal 
automaticity or triggered activity, or it can slow propa- 
gation of the cardiac impulse and lead to conduction 
block and/or re-entrant excitation. 


DECREASES IN THE AMPLITUDE AND 
RATE OF RISE OF PHASE 0 


The effects of decreases in diastolic potential on 
conduction are largely explainable through effects on 
phase 0 of the action potential (Fig. 16-3). In myocar- 
dial fibers (for membrane potentials between —60 mV 
and —90 to —100 mV), conduction velocity is directly 
proportional to take-off potential. This is because the 
amplitude and maximum rate of depolarization of 
phase 0 are important determinants of conduction 
velocity. Simply stated, action potentials with higher 
amplitudes and faster depolarization rates provide a 
better stimulus for induction of the regenerative re- 
sponse (the upstroke of the action potential) in down- 
stream areas of membrane that are resting in the dia- 
stolic voltage ranges. Thus, more distal membrane 
areas will be brought to threshold level more quickly 
by a robust action potential than by a depressed action 
potential. Therefore, the robust impulse will be con- 
ducted more rapidly. 

The amplitude and depolarization rate of phase 0 
in turn are largely dependent on the intensity of the 
rapid inward sodium current. The inward sodium cur- 
rent is carried through ion-selective channels in the cell 
membrane.* These channels are guarded by gates that 
impede ion fluxes; the opening and closing of these 
gates is both voltage- and time-dependent.’ It is 
thought that as the take-off potential becomes less and 
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FIGURE 16-3 


Effects of a decrease of resting membrane potential in a Purkinje 
fiber by elevation of extracellular potassium. Each panel shows a 
transmembrane action potential from a canine Purkinje fiber, the 
zero reference potential (horizontal line) for the action potential, 
and a differentiated signal obtained during the upstroke of the 
action potential. The horizontal placement of the differential trace 
is arbitrary. The peak of this differential recording is the maximal 
upstroke velocity of the action potential (dV/dt,,,.). The 
differentiated trace also shows a square wave in each panel; this is 
a 200 V/sec calibration signal. Note that the gain on the 
differential amplifier is lower in A and B than in C and D. A shows 
the control action potential in Tyrode’s solution (physiologic 
saline) containing 2.7 mM of potassium chloride (KC1); maximum 
diastolic potential (MDP) is —92 mV, and dV/dt,,. is 322 V/sec. 
In B, the KC] level is about 10 mM; the resting membrane 
potential is — 66 mV, and the dV/dt, x is 200 V/sec. In C, the 
diastolic membrane potential is —58 mV, and the dV/dtnax shows 
two upstrokes of 20 to 26 V/sec. In D, the diastolic membrane 
potential is —55 mV, and the action potential became a slow 
response. No dV/dt,,,. could be determined; at rates under 

5 V/sec, the deflection in the differential trace is too small to be 
measured. Shortly after this final photograph was taken, the 
membrane potential decreased slightly more, and no further 
action potentials were elicited. 


less negative, more and more of the sodium channels 
become inactivated (i.e., totally refractory to stimula- 
tion). Thus, as the take-off potential is decreased from 
—90 to about —60 mV, the sodium current during 
phase 0 becomes less and less robust, the amplitude 
and rate of rise of the action potential are reduced, 
and the conduction velocity is decreased (Fig. 16-3). 

The term depressed fast responses describes action po- 
tentials occurring in partially depolarized myocardial 
cells with take-off potentials between —75 and —60 
mV. Depressed fast responses may be important in the 
genesis of re-entrant arrhythmias. This is because the 
depressed fast responses will propagate more slowly 
than normal action potentials, and this will facilitate 
the occurrence of re-entry (see later). Also, if the 
impulse must traverse a zone of relatively inexcitable 
tissue, the depressed fast response, having an intrinsi- 
cally lower stimulus efficacy than the normal re- 
sponses, will be more prone to allow conduction blocks 
to occur. 

Many of the Class I antiarrhythmic drugs (e.g., lido- 
caine, procainamide, and bepridil) decrease upstroke 
and conduction velocity in cells with depressed fast 
responses in therapeutic (low) concentrations, and 
these concentrations do not affect normal action po- 
tentials.’ This selective action may convert a zone of 


unidirectional conduction block to a zone of bidirec- 
tional block and thus disrupt a re-entrant circuit. 
Therefore, local anesthetic effects on depressed fast 
responses may underlie important antiarrhythmic ac- 
tions of these drugs. 

When the take-off potential is reduced to a value 
less than —60 mV, the fast inward sodium channels 
are largely, if not entirely, inactivated. Yet action poten- 
tials still may occur in fibers with diastolic potentials 
of —55 to —35 mV. These action potentials, which are 
referred to as “slow responses’’,* will be generated if 
sufficient slow inward or type L-calcium current (ica1,) Can 
be elicited. The upstroke velocity of phase 0 of the 
slow response action potentials is in the range of 1 to 
5 V/sec, and so they are conducted very slowly (i.e., 
0.02 to 0.05 meters/sec). Obviously, the slow responses 
will provide less effective stimuli for regenerative re- 
sponses than normal or depressed fast responses. 
Therefore, slow response—dependent action potentials 
are very likely to show variable conduction rates and 
unidirectional or bidirectional block. Partially depolar- 
ized myocardial tissues generating slow responses also 
provide the anatomic substrate for re-entrant arrhyth- 
mias. 

Not all cardiac cells with resting potentials positive 
to —60 mV will support slow responses. This is because 
ica can be a weak current; if appreciable outward 
(i.e., potassium) current is flowing, slow responses may 
not be elicited. In these circumstances, augmenting 
icar, May lead to slow response action potentials. Phos- 
phorylation of an internal site on one of the subunit 
proteins of the slow inward channel enhances icai; 
a cyclic AMP-dependent protein kinase catalyzes this 
phosphorylation. Therefore, catecholamines and phos- 
phodiesterase inhibitors (caffeine, theophylline, and 
milrinone) can induce slow response action potentials. 
Thus, it is possible that arrhythmias caused by B-adren- 
ergic stimulation or increased sympathetic tone may 
be associated with slow response action potentials. The 
specific mechanisms involved are described later. 

It is likely that both slow response and depressed 
fast response action potentials can be found within or 
around the zone of pathology in most diseased hearts. 
It is not likely that any type of cardiac damage, whether 
focal or diffuse, will produce an abrupt and totally 
uniform decrease in diastolic transmembrane potential 
throughout the affected area. Some cells may have 
take-off potentials of — 60 to —75 mV, partially inacti- 
vated fast sodium channels, and depressed fast re- 
sponses. Other cells may have take-off potentials of 
less than — 60 mV and completely inactivated sodium 
channels. Some of these cells may support relatively 
robust slow response action potentials and very slow 
conduction, whereas other highly depolarized cells 
may show tenuous slow responses with decremental 
conduction and block. Finally, some of the highly de- 
polarized cells may have sufficiently strong outward 
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(potassium) currents and weak inward (calcium) cur- 
rents such that they do not support any regenerative 
responses at all. Obviously, a zone of these highly 
depolarized fibers could produce a site of either uni- 
directional or bidirectional conduction block. 


DECREASES IN ACTION POTENTIAL 
DURATION AND REFRACTORINESS 


Many cardiac diseases result in changes in action 
potential duration; either decreases or increases can 
occur. These changes in action potential duration can 
be important for arrhythmogenic mechanisms because 
recovery of excitability in normal atrial and ventricular 
myocardial cells accompanies repolarization (during 
phase 3 of the action potential). That is, excitability 
begins to recover after the cell has repolarized to about 
~ 60 mV; the upstroke velocities of a premature action 
potential then increase more and more as the take-off 
potential increases during the terminal portion of 
phase 3. Recovery of excitability is complete in normal 
myocardial cells or Purkinje fibers when maximum 
diastolic potential (or full diastolic potential) is 
achieved. Complete recovery of excitability occurs 
when the maximum rate of depolarization and action 
potential amplitude of a premature action potential 
are essentially identical to those of the control action 
potentials elicited at the basic cycle length (Fig. 16-4). 
This rapid recovery of excitability is referred to as 
voltage-dependent refractoriness. 


Aimed 


FIGURE 16-4 
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Example of voltage-dependent refractoriness in a record obtained 
in a sheep Purkinje fiber preparation. Premature action potentials 
elicited at 14 different coupling intervals after primary beat are 
shown; the primary beat is shown at the left. Early premature 
impulses occurring during phase 3 of the primary action potential 
produce only local responses. As fiber repolarizes, premature beats 
abruptly attain more normal amplitudes. At the beginning of phase 
4, premature impulses have essentially normal amplitude (4th 
premature upstroke from left). Amplitude and upstroke velocity do 
not increase further as the impulses are moved later and later into 
diastole. Note calibration bars at lower right: vertical represents 20 
mV; horizontal, 100 msec. 
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FIGURE 16-5 


Example of time-dependent refractoriness in a record in a rabbit 
AV node preparation. Each trace shows superimposed electrograms 
or action potentials for the primary beat and one of the six 
premature beats that were elicited at increasing coupling intervals. 
The upper trace shows the atrial electrogram (AE); the middle 
trace shows action potentials recorded from a cell in the proximal 
region of the node (AN region). The lower trace (AH) shows the 
record from the distal region of the node. Note that the only 
premature impulse to propagate through the node is number 6; 
premature impulse number 5 produces only a subthreshold 
response, and numbers | to 4 produce no effect at the distal node. 
In the AN cell, premature impulse number 6 produces a normal 
action potential. Earlier impulses produce less and less response in 
the AN region, even though they arrive at the node after this 
region has fully repolarized. This is time-dependent refractoriness. 
Note calibration bars at lower right; vertical bar is 25 mV; 
horizontal bar, 50 msec. (Diagram based on original records from 
Mendez C, Moe GK. Some characteristics of transmembrane 
potentials of AV nodal cells during propagation of premature 
beats. Circ Res 19:993, 1966. Copyright 1966 American Heart 
Association.) 


In cardiac tissues with take-off potentials more posi- 
tive than about —70 mV, either depressed fast re- 
sponses or slow response action potentials will occur. 
In these tissues, refractoriness can be a function of 
time as well as of voltage. That is, recovery of the 
amplitude and maximum rate of depolarization of a 
premature impulse extends well into phase 4 (Fig. 
16-5). The different rates of recovery of excitability in 
normal and depressed segments of isolated canine 
Purkinje fibers are known to produce rate-dependent 
block® and are thought to underly re-entrant arrhyth- 
mias in canine ventricle. 


SPECIFIC MECHANISMS FOR 
CARDIAC ARRHYTHMIAS 


Much is known about the cellular mechanisms of 
arrhythmic activity in the mammalian heart.’ Arrhyth- 
mias can be caused by abnormalities of impulse initia- 
tion, impulse conduction, or both.'® |! Table 16-1 
shows a simple classification system for these cellular 
mechanisms. 
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TABLE 16-1 
Electrophysiologic Mechanisms of Ventricular 
Arrhythmias 


A. Arrhythmias caused by enhanced impulse initiation in ectopic 
foci: 
1. Automatic rhythms: 
a. Normal Purkinje fiber automaticity (MDP > —70 mV) 
b. Catecholamine-enhanced automaticity in normal Purkinje 
fibers 
c. Abnormal automaticity (MDP < -60 mV) in Purkinje 
fibers and ventricular muscle cells 
2. Triggered rhythms: 
a. Early afterdepolarizations 
b. Delayed afterdepolarizations 
B. Arrhythmias caused by abnormal impulse conduction: 
1. Conduction blocks 
2. Re-entrant activation: 
a. Macro re-entry 
(1) Fixed pathway/anatomic barrier 
(2) Variable pathway/‘‘leading circle” 
b. Micro re-entry 
(1) Functional longitudinal dissociation 
(2) Reflection 
C. Arrhythmias caused by simultaneous derangements of impulse 
initiation and impulse conduction: 
l. Parasystole 
2. Complex arrhythmias 


MDP, Maximum diastolic potential. 


ARRHYTHMIAS CAUSED BY ENHANCED 
IMPULSE INITIATION IN ECTOPIC FOCI 


Ectopic arrhythmias caused by enhanced impulse 
initiation are generated by a specific cell (or small 
group of cells that are well coupled electrically) out- 
side of the sinus node. This cell or group of cells is 
referred to as the “focus” of the arrhythmia, and 
generally is found in the zone of earliest activation 
during the ectopic beats. The cells in the focus have 
action potentials with a characteristic “pacemaker” 
configuration (Fig. 16-6). That is, they undergo rapid 
phase 4 depolarization that gradually leads to a regen- 
erative response; a sharp inflection point at the foot 
of phase 0 is not seen. The presence of pacemaker 
fibers in a distinct ectopic focus distinguishes arrhyth- 
mias caused by enhanced impulse initiation from other 
arrhythmias such as those caused by conduction block 
and/or re-entrant activation.’? The two subtypes of 
arrhythmias caused by enhanced impulse initiation are 
automatic rhythms and triggered rhythms.® 


AUTOMATIC RHYTHMS 


Arrhythmias caused by automaticity occur when a 
subsidiary pacemaker site in the atria or ventricles 
becomes active and fires at a rate faster than that of 
the sinus node. Automaticity is defined as spontaneous 
impulse generation occurring from a discrete pace- 
maker site that, as opposed to triggering, does not de- 
pend on previous activation of that site for its initia- 


tion. Pacemaker activity can result from either normal 
automaticity or abnormal automaticity. 

Normal automaticity occurs spontaneously in non- 
pathologic tissues, such as the sinus node, and subsid- 
iary pacemaker cells of the atria (specialized atrial 
conduction fibers) and the ventricular conduction sys- 
tem. In ventricular tissues, normal automaticity occurs 
only in Purkinje fibers, with maximum diastolic poten- 
tials of about — 70 mV or more and upstrokes carried 
by the fast inward sodium current. Abnormal automatic- 
ity occurs in Purkinje fibers and working myocardial 
cells with markedly depolarized (approximately — 55 
mV) maximum diastolic potentials and upstrokes car- 
ried by icar- 

There are at least two types of normal automaticity: 
(1) normal automaticity in sinus node pacemakers 
occurs from maximum diastolic potentials of about 
— 60 mV and resembles abnormal automaticity in that 
the upstrokes are carried by a calcium current; (2) in 
contrast, normal automaticity in Purkinje fibers occurs 
by a different mechanism, as described next. 


NORMAL AUTOMATICITY IN PURKINJE FIBERS. Normal au- 
tomaticity in canine, feline, and primate Purkinje fi- 
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FIGURE 16-6 


Representation of the sequence of depolarization during a 
ventricular ectopic beat. Format as in Figure 16-2. Arrhythmia 
occurs because the ectopic pacemaker in the distal Purkinje fiber 
(5th action potential from the top) is firing rapidly. The His 
bundle, AV node, atrial muscle, and SA node all are activated in 
retrograde direction; the ventricular muscle is activated in an 
aberrant sequence. This results in a premature ventricular 
depolarization; note the longer QRS duration with altered vectors, 
and the retrograde P wave superimposed on the T wave in the 
electrocardiogram (bottom trace). 
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bers denotes spontaneous impulse initiation from nor- 
mal maximum diastolic potentials (—70 to —95 mV). 
It occurs when overdrive from higher pacemakers is 
relieved (Fig. 16—-7A). The diastolic depolarization re- 
sponsible for normal automaticity is generated by a 
net inward ionic current that reflects a balance of 
inward and outward currents.'* Although the detailed 
behavior of these currents is not entirely clear, at least 
four factors may contribute to the voltage time course 
of diastole in the normally automatic cardiac cell: (1) 
an inward current (i;}, which is carried by Na* and Kt 
ions, and which shows voltage and time dependence; 
(2) an outward current carried by potassium, which 
shows voltage dependence but is now thought not 
to have time dependence; (3) an outward current 
generated by activity of the electrogenic Na‘-K* 
ATPase (the “sodium pump”); and (4) the threshold 
voltage and onset characteristics of the fast inward 
(sodium) current that generates the upstroke of the 
action potential. Thus, normal automaticity in Pur- 
kinje fibers is a very complex phenomenon."* 
Antiarrhythmic drugs can reduce normal automatic 
rhythms directly by (1) decreasing the slope of dia- 
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Effects of overdrive stimulation on normal and abnormal 
automaticity in canine Purkinje fibers. Panel A shows the effects of 
30 beats at a cycle length of 1000 msec (60 bpm) on a normal 
preparation with maximal diastolic potential in the pacemaker 
region of about —90 mV. Post-overdrive suppression occurs after 
cessation of the stimulus train. Panels B and C show effects of 
overdrive on fibers with abnormal automaticity. Neither overdrive 
hyperpolarization nor post-overdrive suppression of automaticity 
occurs. Note different time and voltage calibrations (shown below 
each panel) for panels B and C versus panel A. (Reprinted with 
permission of the American College of Cardiology, from Dangman 
KH, Hoffman BF. Studies on overdrive stimulation of canine 
cardiac Purkinje fibers: Maximal diastolic potential as a 
determinant of the response. Reprinted by permission of the 
American College of Cardiology. J Am Coll Cardiol 2:1183, 1983.) 


stolic depolarization, (2) increasing the threshold po- 
tential for the fast inward current, (3) increasing the 
maximum diastolic potential, or (4) a combination of 
these effects. Antiarrhythmic drugs also can alter rate 
and rhythm of the heart indirectly, by interacting with 
autonomic nervous system reflexes or circulatory cate- 
cholamines. 


ABNORMAL AUTOMATICITY. Abnormal automaticity is 
thought to be an important cause of atrial and ventric- 
ular arrhythmias.'° It is a form of rapid ectopic impulse 
initiation that occurs in working myocardial cells or 
Purkinje fibers with maximum diastolic potentials in 
the range of —60 to —40 mV (Fig. 16-8). It can arise 
after cardiac tissues have been damaged by ischemia, 
stretch, or drug toxicity (e.g., digitalis). The mecha- 
nisms of abnormal automaticity may be simpler than 
those involved in normal automaticity, because abnor- 
mal automaticity occurs in a diastolic voltage range in 
which beat-to-beat activation of the fast inward (so- 
dium) current is neglible during the action potential 
upstroke. Because the sodium influx is minimal in 
the partially depolarized cells, the electrogenic sodium 
pump will make a very small contribution to the dia- 
stolic voltage changes of abnormal automaticity. Thus, 
in contrast to normal Purkinje fibers, abnormal auto- 
matic pacemakers do not show post-overdrive suppres- 
sion following a period of rapid stimulation (Fig. 16- 
7B, C). 

Diastolic depolarization in abnormal automaticity 
has been attributed to a time-dependent decrease of 
outward potassium current” '® or to the inward pace- 
maker current i7 As mentioned earlier, the action 
potentials in abnormal automaticity are slow responses 
carried by an inward calcium current (i¢,4,). It can be 
abolished by Class IV antiarrhythmic drugs such as 
verapamil and nifedipine.’* As in normal automaticity, 
drugs can slow or abolish abnormal automaticity di- 
rectly by (1) decreasing the slope of diastolic depolar- 
ization, (2) increasing the threshold potential for cal- 
cium current, (3) increasing the maximum diastolic 
potential, or (4) some combination of these factors. 
Antiarrhythmic drugs also may alter abnormal automa- 
ticity by indirect effects (i.e., occurring through inter- 
actions with the autonomic nervous system). 


TRIGGERED ACTIVITY 


This second type of ectopic impulse generation oc- 
curs from a discrete pacemaker site. Triggered activity 
may be paroxysmal or continuous, but it occurs if and 
only if the pacemaker has previously been driven by 
an appropriate action potential or series of action 
potentials. That is, in contrast to automatic rhythms 
(which occur de novo), triggered rhythms occur only 
after an initiating beat that produces depolarizing 
afterpotentials. These afterpotentials are classified into 
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FIGURE 16-8 


Induction of abnormal automaticity in a normal canine Purkinje fiber by superfusion with Tyrode’s 
solution containing barium chloride, 0.25 mM. Exposure to barium (panel A) decreases maximal 
diastolic potential from about —90 mV to about —55 mV in 3 to 5 minutes. Rapid automaticity 
(abnormal automaticity) occurs. Abnormal automaticity is then sustained (panel B) until 
antiarrhythmic drugs are added or barium is washed out (panel C). This model of abnormal 
automaticity closely mimics naturally occurring forms in Purkinje fibers and myocardium damaged 
by ischemia or stretch. Traces were obtained from a pen recorder with limited frequency response 
and thus have attenuated spikes. Note the two different paper speeds: fast paper speed at the 
beginning and end of panels A and Cand throughout B. Time and voltage calibrations are at lower 
right; zero reference potential is at left of each panel. (From Dangman KH, Miura DS. 
Electrophysiological effects of bethanidine sulfate on canine cardiac Purkinje fibers and ventricular 
muscle cells. J Cardiovasc Pharmacol 7:50, 1985, with permission.) 


two subgroups: early afterdepolarizations and delayed 
afterdepolarizations. 


EARLY AFTERDEPOLARIZATIONS. Early afterdepolariza- 
tions (EADs) occur during either phase 2 or phase 3 
of the action potential. Triggered impulses occurring 
from maximum diastolic potentials of — 60 to — 20 mV 
can be generated from these early afterdepolarizations. 
These triggered impulses may occur as coupled single 
beats or as salvoes of extra beats (Fig. 16-9). In Pur- 
kinje fibers, triggered beats from early afterdepolariza- 
tions can occur after exposure to high concentrations 
of antiarrhythmic drugs (e.g., quinidine, N-acetylpro- 
cainamide, and cibenzoline), treatment with high con- 
centrations of catecholamines, low oxygen tension, low 
pH (about 6.8), myocardial infarction, and exposure 
to toxic salts (i.e., barium chloride, cesium chloride) 
or organic toxins.'*?? 

In general, conditions that prolong action potential 
duration will tend to increase the amplitude of early 
afterdepolarizations and consequently the likelihood 
of triggering from the plateau level. Since action po- 
tential duration decreases when the rate of stimulation 
is increased, early afterdepolarizations generally are 
abolished by rapid drive.'? Indeed, early afterdepolar- 
izations may be transiently suppressed if a single beat 
is imposed at a shortened cycle length.!® Likewise, if a 
toxic drug or salt is present, early afterdepolarizations 
may emerge if the dominant pacemaker rate is 
slowed.'* *4 

Early afterdepolarizations may occur when the so- 


dium window current is increased” and repolarizing 
(ixı) current is decreased during phase 3,” or if so- 
dium-calcium exchange is increased.” The triggered 
impulses from EADs are abolished by most agents or 
conditions that shorten action potential duration. 
Thus, increased extracellular potassium concentrations 
abolish EADs. Agents such as acetylcholine, lidocaine, 
and tetrodotoxin are also effective.?! #2 25. 28 


DELAYED AFTERDEPOLARIZATIONS. The second mecha- 
nism for triggered activity is the delayed afterdepo- 
larization (DAD). DADs are afterdepolarizations occur- 
ring after full repolarization (Fig. 16-10). Triggered 
rhythms from DADs occur in isolated ventricular tis- 
sues following treatment with digitalis glycosides,” 
catecholamines,” and induction of myocardial infarc- 
tion. * Triggered activity from DADs can occur in 
coronary sinus tissues and mitral valve fibers.*°: *” 

In Purkinje fiber preparations treated with catechol- 
amines or toxic doses of a cardiac glycoside (e.g., 
ouabain, 0.2 uM for 30 minutes), DADs can be elicited 
routinely. The amplitude and coupling interval of 
these DADs is directly proportional to the rate and 
duration of the train of action potentials that is used 
to elicit them. The amplitude of delayed afterdepolar- 
izations and the incidence of triggered activity can be 
decreased by a variety of agents, including acetylcho- 
line, slow inward current blocking compounds, local 
anesthetic drugs, and decreased calcium levels in the 
superfusate. 

The ionic mechanisms for DADs have been studied 
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Early afterdepolarizations in Purkinje fiber treated with cibenzoline. Records show one impalement 
(as upper and lower traces in each panel) from each of two separate Purkinje fiber preparations 
from one heart. Development of drug effects is shown in the upper two panels at center and right, 
and “‘washout” of drug effects is shown in the lower two panels. Times are as indicated. Note that 
early afterdepolarizations occur in impalement in the lower trace, but not in the upper. During 
washout, long salvoes of triggered impulses (resembling abnormal automaticity) occur. The duration 
of these salvoes gradually shortened as washout was continued. The format for time and voltage 
calibration is as in Figure 16-8. (From Dangman KH. Cardiac effects of cibenzoline. J Cardiovasc 


Pharmacol 6:300, 1984; with permission.) 


intensively, and it has been found that DADs occur 
when intracellular calcium ion activity is increased.® !> 
8° This engenders a novel “transient inward” current 
(in) that may result from either (1) the opening of 
nonspecific ion channels that carry sodium and potas- 
sium fluxes (inak), or (2) inward currents created by 


electrogenic sodium-—calcium ion exchange (inca). 


ARRHYTHMIAS CAUSED BY ABNORMAL 
IMPULSE CONDUCTION 


Two types of arrhythmias can be caused by abnor- 
malities of impulse conduction: bradycardias can result 
from conduction blocks, and tachycardias (or single or 
multiple premature depolarizations) can result from 
re-entrant activation. 


CONDUCTION BLOCKS 


Simple conduction block can be diagnosed from 
surface electrocardiograms when failure of impulse 


propagation occurs at a critical point in the specialized 
conduction system. Such failures in conduction result 
in sinus node exit block, second- or third-degree atrio- 
ventricular block, and bundle branch or hemibranch 
block. Small areas of block within the working atrial 
or ventricular myocardium probably do not give rise 
to clinically significant changes in cardiac activation 
patterns (unless the block leads to the production of 
re-entrant activity as described later). 

As mentioned earlier, conduction blocks can occur 
in myocardial tissues damaged by ischemia, infarction, 
stretch, or drug toxicity. Block of conduction through 
the atrioventricular node can also be produced by 
excessive vagal tone. Autoimmune diseases can lead to 
complete heart block in humans.* ^ For instance, 
congenital complete heart block can occur with neona- 
tal lupus erythematosus.” This condition is associ- 
ated with high levels of antinuclear (anti-Ro/SS-A) 
antibodies and consequent inflammation and fibrosis 
in the cardiac conduction system. It is interesting that 
dogs can develop antinuclear antibodies, and sys- 
temic lupus erythematosus (SLE) occurs in dogs and 
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FIGURE 16-10 


Delayed afterdepolarizations induced in a goat Purkinje fiber by 
treatment with isoproterenol, 1 uM. Each panel shows the effects 
of a stimulus train of 10 beats at cycle lengths between 2000 and 
400 msec. The train shown at 300 msec did not conduct 1:1 and so 
consists of a total of 14 beats. Note that as the cycle length is 
decreased, the amplitude of the delayed afterdepolarization 
increases, and the coupling interval decreases. Voltage and time 
calibrations are shown at lower right. The maximum diastolic 
potential is approximately —94 mV throughout. 


cats.“ Also, it has been suggested that the pet dogs of 
patients with SLE develop antinuclear antibodies as a 
result of exposure to common environmental factors 
or transmissible agents.*t Thus, some cases of heart 
block or myocarditis in dogs or cats may prove to 
be explained by autoimmune disease, although this 
remains to be verified. 


RE-ENTRANT ACTIVATION 


In normal sinus rhythm, the atria and ventricles are 
activated in a specific, efficient, and relatively constant 
pattern. Each normal cardiac impulse dies as the wave- 
front reaches the limits of the cardiac syncytium in the 
ventricular subepicardium. The myocardium is then 
activated again only after it is invaded by the next 
normal sinus impulse (see Fig. 16-2). If re-entrant 
activation occurs, the propagating impulse does not 
die out in the usual way; rather, it persists to re-excite 
the chambers of the heart after the end of the refrac- 
tory period. Thus, re-entry can produce premature 
beats; either the atria or the ventricles can be involved 
in the re-entrant activity. 

In both canine and feline hearts, the refractory 


period of the atrium is approximately 150 msec, and 
the refractory period of the ventricular tissues is usu- 
ally from 200 to 500 msec. Therefore, an impulse that 
is capable of causing re-entry in hearts of these species 
must be sequestered in a zone of cardiac tissue for an 
appreciable time so it can emerge and re-excite the 
heart at the end of the refractory period. 

In re-entry, the impulse does not remain stationary 
while awaiting the end of the refractory period. In- 
stead, the impulse must continue to conduct slowly 
through a pathway that is functionally or anatomically 
isolated from the rest of the myocardial syncytium. 
This isolated conduction pathway, which generally will 
be composed of a very small percentage of the heart, 
must provide a route by which the impulse can return 
to the normal regions of the heart that have previously 
been excited. The pathway also must be sufficiently 
long to allow enough time for the impulse to continue 
to propagate until the end of the absolute refractory 
period. 

The cardiac impulse propagates very quickly (1 to 5 
meters per second) in normal atrial and ventricular 
myocardial fibers. This means that if re-entry were to 
occur in the normal myocardium, the length of the 
electrically isolated pathway needed for the sequestra- 
tion of the impulse would be very long (e.g., at least 
150 cm in the atrium and at least 200 to 500 cm in the 
ventricle. Electrically isolated pathways of this length 
are not likely to exist in the normal heart. In diseased 
hearts, however, conduction velocities can be very slow. 
Therefore, the necessary pathway length for the iso- 
lated segment of a re-entrant circuit could be very 
short." 

In summary, the necessary conditions for develop- 
ment of re-entry are the occurrence of (1) unidirec- 
tional conduction block, and (2) slow conduction (rel- 
ative to refractoriness of the surrounding cardiac 
cells). In the normal heart, the tissues that are the 
most likely anatomic substrates for re-entry are those 
of the sinus and atrioventricular nodes. This is because, 
as discussed later, the nodal tissues have relatively 
poorly coupled cells, generate slow response action 
potentials, and show time-dependent refractoriness. 
This may allow parallel conduction pathways with 
“functional longitudinal dissociation” to occur, and 
these parallel dissociated pathways may support re- 
entry. 

In contrast to nodal tissues, the working atrial and 
ventricular myocardial tissues will support slow conduc- 
tion and unidirectional conduction block only if sig- 
nificant pathology is present. Such re-entrant arrhyth- 
mias in the myocardium are generally considered to 
be of greater clinical significance than are nodal 
arrhythmias. That is, life-threatening re-entrant arrhyth- 
mias are far more likely to occur in the diseased heart 
than in the normal heart. There are two basic types of 
change in cellular electrophysiology of cardiac cells 
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that can predispose to the development of slow con- 
duction and unidirectional conduction block: (1) de- 
creased maximum diastolic potential, and (2) in- 
creased dispersion of refractoriness. 


RE-ENTRY DEPENDENT ON SLOW CONDUCTION AND UNIDI- 
RECTIONAL CONDUCTION BLOCK IN PARTIALLY DEPOLARIZED 
TISSUE WITH DEPRESSED ACTION POTENTIALS. This type of 
re-entry can depend on an anatomic loop of tissue, 
composed of atrial, ventricular, or Purkinje fibers, with 
appropriate electrophysiologic characteristics. This is 
classic re-entry. 

In the mammalian heart, the anatomy of the ventric- 
ular conduction system is such that after ischemic dam- 
age or stretch, pathways can occur that are functionally 
suitable for re-entry. The Purkinje system originates in 
the His bundle; it then divides into the left and right 
bundle branches. Each of these bundle branches then 
divides again and again over most of the endocardial 
surface of both ventricles. Each of the major bundles 
of Purkinje fibers is invested with a covering layer 
of connective tissue. This tends to keep each bundle 
electrically isolated from the underlying ventricular 
muscle as well as from the other strands of Purkinje 
tissue running in parallel to it. In the His bundle and 
bundle branches, the strands of fibers usually anasto- 
mose quite freely. More peripherally, the terminal Pur- 
kinje fibers arborize many times and contact endocar- 
dial ventricular muscle cells (Fig. 16-11). These 
ventricular muscle cells are connected syncytially. 
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Illustration of normal conduction of the cardiac impulse in the 
ventricular conduction system. The Schmitt/Erlanger diagram*® at 
left shows one of the bifurcations of the His-Purkinje system; PB 
denotes proximal bundle, A and B denote distal branches, VM 
denotes ventricular muscle distal to branches. Action potential 
duration and refractory periods are longest in the “gate” regions 
of distal branches A and B. The impulse normally conducts down 
through each branch and simultaneously activates the endocardial 
ventricular muscle in contact with the ultimate transitional fibers 
of each branch. The wavefronts of activation then collide in the 
ventricular muscle zone and terminate. Action potentials at right 
are from points indicated in the drawing at left; action potentials 
indicate the activation sequence in the ventricle, producing an 
electrocardiogram of normal sinus rhythm as shown below. 
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Re-entry in the Schmitt/ Erlanger diagram.“ The impulse 
propagates through the proximal bundle (PB) and distal bundle A 
in the normal manner. Distal bundle B is damaged: the antegrade 
impulse conducts slowly and decrementally through B (wavy line) 
and blocks in the damaged zone. The impulse conducts through 
the ventricle and re-enters the damaged zone from the distal 
margin. The impulse propagates back to the proximal bundle and 
re-enters the proximal bundle, where it continues to be conducted 
in the retrograde direction. This can give rise to a premature 
ventricular depolarization (displayed on the electrocardiogram 


below). If every primary (sinus) impulse is followed by a premature 
depolarization, this can produce a bigeminal rhythm. 


FIGURE 16-12 


Therefore, junctional sites between Purkinje fibers and 
muscle can form anatomic loops. Normally, the cardiac 
impulse quickly propagates through all branches of the 
ventricular conduction system to the subendocardial 
ventricular muscle. Normal impulses are terminated 
in ventricular muscle when the advancing wavefronts 
collide and are surrounded by refractory tissue (see 
Fig. 16-11). 

Re-entry can occur in the distal Purkinje network if 
conduction velocity is decreased and unidirectional 
block occurs at a critical site (Fig. 16-12). Obviously, 
if a zone of damage encompasses one or more of 
these Purkinje fiber-ventricular muscle loops, diastolic 
potential, action potential amplitude, and upstroke 
velocity may be reduced in the damaged fibers. Slow 
conduction and unidirectional block may occur. Since 
the intensity of insult in the damaged zone rarely is 
uniform, some areas within the loop will be more 
depressed than others. Unidirectional conduction 
block will usually occur in one of the areas of greatest 
depression. If, however, depression of the action poten- 
tials is too great, no conduction will be supported, and 
bidirectional conduction block will result. Under these 
circumstances, re-entry will not occur. Because the de- 
gree of depression is critical for the development of 
unidirectional conduction block, and this can vary 
from site to site in a zone of damage, re-entry is more 
likely to occur in a large zone of damage than a small 
one. Once a re-entrant circuit is established, it may 
support either single premature impulses or multiple 
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premature responses (i.e., a tachycardia). Re-entrant 
tachycardias resulting from continuous circling of the 
impulse around the loop are called circus movement 
tachycardias. 

In some cases, the zone of damage may not have 
appropriate electrophysiologic characteristics (i.e., 
severely enough depressed action potentials) to precip- 
itate re-entry at normal (sinus rhythm) cycle lengths. 
In these cases, re-entry may be provoked by premature 
impulses, which may originate from either supraven- 
tricular or ventricular foci. The premature impulses 
are more likely to precipitate re-entry because Purkinje 
fibers in a zone of damage will usually have a much 
longer refractory period than fibers in normal zones. 
If the depressed Purkinje fibers are activated prema- 
turely, the premature impulse will be conducted more 
slowly and have a greater tendency to block than will 
an impulse elicited at the longer (normal) cycle 
length. In other words, premature impulses often can 
lead to re-entrant responses because at short cycle 
lengths there is a reduced “safety factor” for conduc- 
tion in the myocardium. 

Sites of re-entry over fixed anatomic pathways are 
not exclusively found in the peripheral Purkinje sys- 
tem. It is likely that similar re-entry loops could involve 
the His bundle and bundle branches, or major proxi- 
mal fascicles of the conduction system. In these cases, 
re-entry might occur as a result of bundle branch 
blocks or hemiblocks, respectively. Re-entry loops can 
also be formed in pathologic zones of working atrial 
or ventricular muscle. For example, cardiomyopathy 
can produce areas of inexcitable atrial tissue, which 
can create pathways for circus movement. Finally, the 
existence of an anatomically discrete loop is not an 
absolute requirement for the development of slow con- 
duction, unidirectional conduction block, and re- 
entry. Re-entry can occur in unbranched bundles of 
fibers or sheets of tissue if “functional longitudinal 
dissociation” occurs and is accompanied by slow con- 
duction and unidirectional conduction block. 


RE-ENTRY DEPENDENT ON DISPERSION OF REFRACTORI- 
NESS. Recently, it has been demonstrated that re-entry 
can occur not only in depressed, depolarized tissues, 
but also in cardiac tissues in which the cells have 
normal diastolic potentials and rapid rates of depolar- 
ization. However, the same two basic electrophysiologic 
phenomena must be present to support re-entrant acti- 
vation in these fully polarized tissues: that is, the prepa- 
ration must still support unidirectional conduction 
block and slow conduction. Although undamaged tis- 
sues probably will not show slow conduction and unidi- 
rectional conduction block at normal sinus rates, both 
conduction abnormalities may occur during propaga- 
tion of premature impulses through relatively refrac- 
tory cardiac tissues. 

Re-entry occurring as a result of dispersion of refrac- 


toriness was described in isolated rabbit left atrium.**' 


In this “leading circle” model, re-entry occurs in the 
absence of an anatomic obstacle. The initiation of re- 
entrant activity is permitted when atrial fibers in close 
proximity to each other have different refractory peri- 
ods. Re-entry can be initiated when a premature im- 
pulse fails to conduct through fibers with long refrac- 
tory periods and conducts through fibers with shorter 
refractory periods. Eventually, the impulse returns to 
the initial site of unidirectional block in the retrograde 
direction after excitability recovers there. The impulse 
may then persist in a circus movement over an anatom- 
ically variable circuit with a perimeter of as little as 6 
to 8 mm. The conduction velocity within the circuit is 
relatively slow because the impulses are propagating 
through partially refractory tissues. Impulses spread 
inward from the perimeter continuously, leading to a 
central zone of the re-entrant circuit that is function- 
ally inactive. The amplitudes of the action potentials, 
and their maximum upstroke velocities, decrease grad- 
ually from the periphery to the center of the circuit. 
Cells in the center of the re-entrant circuit produce 
only local responses rather than full action potentials 
dependent on regenerative responses. This is because 
they are continuously kept in a partially depolarized 
and refractory state by the circulation of the impulse 
about them. The length of the circuit and the circula- 
tion time of the loop are controlled by the conduction 
velocity and refractory period of the fibers composing 
it. 

A second example of re-entry dependent on disper- 
sion of refractoriness occurs in the atrioventricular 
(AV) node preparation. As mentioned earlier, in AV 
node cells, the time needed for full recovery of ex- 
citability does not begin at the end of phase 3 but in- 
stead lasts well into phase 4. That is, these cells show 
time-dependent refractoriness rather than voltage- 
dependent refractoriness.” Re-entry can occur in this 
preparation because adjacent zones of the node are 
functionally different electrophysiologically. The recov- 
ery period can be different in the two zones of the 
node, and if these differences are significant enough, 
re-entry can occur following a premature impulse. This 
is because, following a premature impulse, the differ- 
ences in the refractory periods of the two populations 
of AV nodal cells functionally divide the node into 
two pathways. If conduction of the premature impulse 
through the node is slow enough, it may return to the 
atrium as a return extrasystole. If this return extrasystole 
propagates through the atrium at a time when the 
antegrade approaches to the node have recovered ex- 
citability, the impulse may again enter the AV node 
and conduct around the circuit. This can become a 
continuous process and may lead to paroxysmal supra- 
ventricular tachycardias with some degree of AV block. 

Differences in refractoriness can also lead to re-entry 
in the ventricle. However, as in the examples cited in 
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the atrium and the AV node, an appropriately timed 
premature impulse is needed to elicit this re-entrant 
activity. An example of re-entrant activation of the 
ventricles dependent on differences in refractoriness 
is the Rton-T phenomenon, in which ventricular fibrilla- 
tion is produced by premature impulses elicited during 
the peak of the T wave. Local differences in refractori- 
ness can be accentuated by cardiac disease, producing 
a predisposition to R-on-T re-entry. 


ARRHYTHMIAS CAUSED BY 
SIMULTANEOUS DERANGEMENTS OF 
IMPULSE INITIATION AND IMPULSE 
CONDUCTION 


It is probable that many of the arrhythmias oc- 
curring clinically are not caused by a single electro- 
physiologic mechanism but represent two or more 
mechanisms operating simultaneously. Perhaps the 
simplest example of these multifactorial arrhythmias is 
parasystole. Here, premature depolarizations (in either 
the atria or the ventricles) occur infrequently and are 
randomly distributed during diastole. Intervals be- 
tween these ectopic impulses are whole number multi- 
ples of one basic cycle length that is presumed to be 
the cycle length of an ectopic pacemaker. That is, 
parasystole is thought to reflect the activity of an inde- 
pendent ectopic pacemaker that is protected from si- 
nus node overdrive by a complete entrance block, and 
the ectopic impulses are thought to reflect the escape 
of this ectopic impulse through a zone of variable 
exit block. 

Another example of an arrhythmia caused by more 
than one mechanism occurring simultaneously is 
found in the multifocal ventricular arrhythmias in the 
digitalis-intoxicated dog or cat. These arrhythmias may 
result from enhanced normal automaticity, delayed 
afterdepolarization-induced triggered activity, and re- 
entrant activity. 


SUMMARY AND CLINICAL 
CONSIDERATIONS 


This chapter has reviewed the electrophysiologic 
mechanisms of cardiac arrhythmias. Bradyarrhythmias 
can be caused by excessive vagal tone (e.g., sinus brady- 
cardia) or atrioventricular blocks. Tachyarrhythmias 
can be caused by enhanced automaticity, triggered 
activity, or re-entrant activation. These cellular arrhyth- 
mic mechanisms may be induced by more basic elec- 
tropathophysiologic changes that can result from is- 
chemic or toxic damage to the ventricular or atrial 
myocardium. Decreases in diastolic membrane poten- 


tial can promote (1) enhanced ectopic or abnormal 
automaticity, (2) triggered activity from delayed after- 
depolarizations, and (3) conduction blocks and/or re- 
entrant activity. The effects of decreases in diastolic 
potential on impulse conduction are often mediated 
by decreases in the rate of rise and amplitude of phase 
0 of the action potentials. In addition, alterations in 
action potential duration and refractoriness may occur 
in stretched, ischemic, infarcted, or scarred myocar- 
dium, with or without great changes in diastolic mem- 
brane potential, and these changes may lead to con- 
duction blocks or re-entrant activity. 

Direct applications of the cellular electrophysiology 
of cardiac arrhythmias to the clinical setting is still 
limited. In part this is because almost all studies of 
cardiac pathophysiology and the cellular mechanisms 
of arrhythmias have been carried out in experimental 
animal models. The more common models for study 
of ventricular arrhythmias include digitalis toxicity and 
coronary artery ligation.®*’ For atrial tachycardias, 
they include “anatomic barrier” models and tricuspid 
insufficiency.**°* As reviewed earlier, ventricular ar- 
rhythmias from digitalis intoxication are caused by 
triggered activity from delayed afterdepolarizations, 
enhanced automaticity, or re-entry. Multifocal arrhyth- 
mias in acute myocardial infarctions occurring 10 to 
30 hours after onset of ischemia in the canine heart 
are largely attributed to abnormal automaticity or trig- 
gered activity. Arrhythmias in hearts with older, more 
organized myocardial infarcts are caused by re-entrant 
excitation, as are most forms of experimental atrial 
arrhythmias. 

However, experimental models may not perfectly 
mimic the intended clinical situations, and good mod- 
els are not available for many types of cardiac patho- 
physiology. For instance, very limited information is 
available on cellular mechanisms of arrhythmias in 
heart failure, and the few studies of the electrophysiol- 
ogy of cardiomyopathy have provided conflicting re- 
sults. For the most part, we can only extrapolate data 
from more general models of arrhythmia. 

In recent years, research on the causes and therapy 
of arrhythmias has expanded to involve two new ap- 
proaches. Electrophysiologists have shifted their inter- 
est to the molecular biology of ion channels. The goal 
of this work is to understand the fundamentals of ion 
channel function.’ One then may be able to explain 
how derangements of these channels’ function can 
lead to abnormalities of impulse initiation or conduc- 
tion. Simultaneously, scientific interest has also been 
focused on the role of chemical mediators in ventricu- 
lar arrhythmias.” It has long been known that alter- 
ations of potassium levels, elevated catecholamines, or 
histamine can cause arrhythmias. Moreover, a contrib- 
uting role has been suggested for amphophils, arachi- 
donic acid metabolites (prostaglandins, leukotrienes, 
and thromboxane), angiotensin II, free radicals, and 


304 ABNORMAL CARDIOVASCULAR FUNCTION AND PRINCIPLES OF THERAPY 


endothelin in arrhythmias. Exactly how these chemical 
agents produce arrhythmias generally remains to be 
explained. 
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ANTIARRHYTHMIC DRUG CLASSIFICATION 
SCHEMES 


The spectrum of drugs with potential utility for treating disturbances in 
cardiac rhythm continues to grow. Clinical efficacy depends in part on the 
factors causing the arrhythmia (Table 17-1). Given that all cardiac arrhyth- 
mias are linked to one or more cellular electrophysiologic abnormalities,’ 
schemes to classify mechanisms of arrhythmogenesis (chapter 16) and antiar- 
rhythmic drugs have been developed based upon each drug’s principal 
electrophysiologic properties.”'” The most popular of these schemes was 
developed by Vaughan-Williams with modifications by Harrison. It classifies 
drugs according to their predominant electrophysiologic action (Table 17- 
2)* based upon their ability to block trans-sarcolemmal flux of sodium 
(Class I) or calcium (Class IV) ions; antagonize the sympathetic nervous 
system (Class II); and prolong the duration of the cardiac action potential, 
thereby increasing cardiac refractoriness (Class II). 

Regardless of this classification scheme’s ability to aid in categorizing 
drugs, its clinical usefulness in determining which drug to select to treat a 
specific cardiac arrhythmia remains questionable.'* '° This is due to the fact 
that arrhythmias are frequently caused by several mechanisms (see Table 
16-1), and that the classes of antiarrhythmic drugs produce electrophysio- 
logic effects that frequently overlap. For example, amiodarone not only 
increases refractoriness but blocks trans-sarcolemmal sodium flux and pos- 
sesses B-adrenergic-blocking activity (Tables 17-2 and 17-3). Ideally, a drug 
classification scheme based on the mechanisms for cardiac arrhythmias 
would be more useful. This approach is just beginning to be appreciated for 
its clinical relevance (chapter 18). It has been based on known cellular 
mechanisms for cardiac arrhythmias (“vulnerable parameter”) and the use 
of drugs that are most likely to modulate the vulnerable parameter therapeu- 
tically (Tables 17-4, 17-5; see also chapter 16).1* 1 


307 


308 ABNORMAL CARDIOVASCULAR FUNCTION AND PRINCIPLES OF THERAPY 


THE VAUGHAN-WILLIAMS 
CLASSIFICATION 


CLASS I 


Class I antiarrhythmic drugs are referred to as mem- 
brane stabilizers and produce their principal electro- 
physiologic effects by depressing transmembrane so- 
dium flux and phase 0 of the cardiac action potential. 
Many of the drugs within this class are local anesthe- 
tics. Class I antiarrhythmic drugs have been subdivided 
into three subgroups (Ia, Ib, Ic) based upon their 
ability to slow conduction velocity and alter action 
potential duration (see Table 17-2). Class Ia drugs 
(which include quinidine, procainamide, and disopyr- 
amide) depress phase 0 of the action potential, depress 
conduction velocity, prolong action potential duration, 
and delay repolarization. Lidocaine, mexiletine, tocai- 
nide, and phenytoin (Class Ib) produce little to no 
effect on phase 0 of the action potential or conduction 
velocity in normal heart tissue but depress phase 0 and 
decrease conduction velocity in diseased tissues. Drugs 
in Class Ib also shorten action potential duration and 
increase ventricular fibrillation threshold. Class Ic 
drugs (e.g., propafenone) cause marked depression of 
phase 0 of the action potential and conduction velocity 
but produce minimal effects on repolarization and 
refractoriness (see Table 17-2). 


CLASS IT 


Class II antiarrhythmic drugs produce antisympa- 
thetic or sympatholytic effects (see Table 17-2). Al- 
though many antiarrhythmic drugs are noted for their 
effects on autonomic tone (see Table 17-3), Class II 
drugs include the B-adrenoceptor-blocking drugs and 
drugs with both a- and B-adrenoceptor-blocking activ- 
ity (e.g., labetalol). This class of drugs produces their 
principal antiarrhythmic effects by blocking B)-adreno- 
ceptors. Because a,-adrenoceptor stimulation may be 
an important cause of spontaneously occurring ar- 


TABLE 17-1 
Common Clinical Causes of Cardiac Arrhythmias 


Central nervous system disease or trauma 
Peripheral or reflex-mediated alterations in neural tone 
Infections (viral or bacterial) 

Trauma 

Degenerative or fibrotic conditions 

Congenital or acquired heart disease 
Neurohumoral and endocrine influences 
Acid-base and electrolyte disturbances 

Hypoxia, hypercapnia, and temperature changes 
Autonomic imbalance 

Ischemia 

Toxic substances and drugs 


Modified from Muir WW III, Sams RA. Pharmacology and pharmacokinetics 
of antiarrhythmic drugs. Jn Fox PR (ed): Canine and Feline Cardiology. New 
York, Churchill Livingstone, 1988, p 309. 


rhythmias induced by ischemia and drugs such as thio- 
barbiturates and halothane which “sensitize” the 
heart, the clinical use of mixed a- and B-adrenoceptor- 
blocking drugs has been proposed as more effective 
than B-blocking drugs alone.’® Clinically, the poten- 
tially beneficial effects of adrenoceptor-blocking drugs 
are dependent on the prevailing autonomic tone, par- 
ticularly sympathetic tone.” Larger drug dosages are 
required when sympathetic tone is high. Quinidine- 
like or membrane-stabilizing properties are frequently 
ascribed to many of the B-adrenoceptor-blocking drugs 
but are unlikely to play a significant role in producing 
clinically relevant antiarrhythmic effects because these 
effects are appreciated only at doses larger than those 
that produce B-adrenergic blockade. Similarly, B,-cardi- 
oselectivity, intrinsic sympathomimetic activity, and po- 
tency ratio do not appear to contribute to the effective- 
ness of this class of drugs (see Table 17-3)."* 


CLASS LIT 


Class III antiarrhythmic drugs prolong action poten- 
tial duration and refractoriness without significantly 
depressing the rate of phase 0 or conduction velocity 
(see Table 17-2). Some Class III drugs may possess 
sodium channel (Class I)-blocking effects but are rec- 
ognized more for their antifibrillatory activity.'*?> Al 
though Class III antiarrhythmic drugs have been exten- 
sively studied and advocated in human patients, their 
use in veterinary medicine is just beginning and their 
effectiveness has yet to be determined. 


CLASS IV 


Class IV antiarrhythmic drugs inhibit the entry of 
calcium ions into cells and are collectively referred to 
as calcium channel-blocking drugs (see Table 17-2). 
These drugs block the slow inward calcium current 
(Ica). Calcium plays a pivotal role in regulating both 
the electrical and mechanical activity of cardiac and 
vascular tissues.”**” The selectivity of a calcium channel 
blocker for cardiac or vascular tissue depends on the 
specific binding site to the calcium channel.” *':* The 
dihydropyridines (nifedipine, amlodipine) are selec- 
tive for the vascular smooth muscle. Therefore, these 
drugs are used to treat systemic hypertension. In con- 
trast, the prototype calcium channel blockers diltiazem 
and verapamil, each of which binds to a different site 
on the calcium channel, are cardioselective. Although 
diltiazem is used to treat systemic hypertension, its 
effects on vascular smooth muscle are less potent than 
those of amlodipine, and it more readily causes sinus 
bradycardia and slowed atrioventricular (AV) nodal 
conduction. Electrophysiologically, calcium is particu- 
larly important in maintaining normal automaticity 
and conduction within the sinoatrial (SA) and AV 
nodes. Antiarrhythmic activity (supraventricular ar- 


TABLE 17-2 
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Classification of Antiarrhythmic Drugs 


Drug Class Basis for Classification Predominant Electrophysiologic Effects 
Class I Class I drugs are generally considered membrane 
Ta Quinidine stabilizers; most are noted for their ability to Depress phase 0 
Procainamide block Na* channels Slow conduction velocity 
Disopyramide Prolong repolarization 
Acecainide* 
Pirmenol* 
Tb Lidocaine Depress phase 0 in abnormal tissue 
Tocainide Shorten repolarization 
Mexiletine 
Moricizine 
Phenytoin 
Icf Propafenone Depress phase 0 
Lorcainide Markedly slow conduction velocity 
Indecainide 
Cibenzoline 
Class II Propranolol Class II drugs are sympatholytic and are noted for Depress phase 4 
Nadolol their ability to block By- and a,-adrenoceptors Prolong repolarization 
Atenolol Minimally slow conduction velocity 
Metoprolol 
Esmolol 
Labetalol 
Class II$ Amiodarone Class III drugs prolong the action potential Depress phase 4 in the sinus and atrioventricular 
Bretylium duration and effective refractory period nodes 
Sotalol Prolong conduction time through the sinus and 
Clofilium* atrioventricular nodes 
Sematilide* 
Class IV Verapamil Class IV drugs block calcium channels, particularly Depress phase 4 in the sinus and atrioventricular 
Diltiazem Tea nodes 
Gallopamil* Prolong conduction time through the sinus and 
atrioventricular nodes 
Class V§ Alinidine Class V drugs block anionic (Cl~) channels; these Believed to block pacemaker current 


*Investigational. 


drugs produce bradycardia 


{Flecainide and encainide have been withdrawn from use because of increased risk of sudden death in humans. 
tClass III drugs are being subclassified to include K* channel facilitators (pinacidil). 


§Class V drugs will not be discussed. 


TABLE 17-3 


Sympathetic and Parasympathetic Effects of Antiarrhythmic Drugs 


Drug Sympathetic Effects Parasympathetic Effects 
Quinidine a-Adrenoceptor blocker; B, stimulation? Vagolytic 
Procainamide Ganglion blocking 

Disopyramide Vagolytic 

Lidocaine 

Tocainide Same as lidocaine 
Mexiletine Same as lidocaine 
Phenytoin Sympatholytic CNS effect 

Propafenone Bi2-Adrenoceptor blocker 

Propranolol Bı 2-Adrenoceptor blocker 

Nadolol Bi2-Adrenoceptor blocker 

Atenolol Br-Adrenoceptor blocker 

Metoprolol B.-Adrenoceptor blocker 

Esmolol Br-Adrenoceptor blocker (moderately cardioselective) 

Labetalol 81 2-Adrenoceptor blocker, o,-adrenoceptor blocker 

Amiodarone @i2-Adrenoceptor blocker, a;-adrenoceptor blocker 

Bretylium Initial norepinephrine release; late sympatholysis 

Sotalol Bı2-Adrenoceptor blocker 

Verapamil a-Adrenoceptor blocker; noncompetitive sympatholytic 

Digitalis Sensitizes baroreceptors; stimulates CNS; stimulates postganglionic sympathetic Increases vagal tone 


nerves; releases norepinephrine from sympathetic nerve terminals 


Modified from Muir WW IM, Sams RA. Pharmacology and pharmacokinetics of antiarrhythmic drugs. Jn Fox PR (ed): Canine and Feline Cardiology. New 
York, Churchill Livingstone, 1988, p 309. 
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TABLE 17-4 

Classification of Antiarrhythmic Drug Actions on Arrhythmias Based on Modification of Vulnerable Parameter 
Arrhythmia Mechanisms Vulnerable Parameter Drugs* 

Inappropriate sinus tachycardia Automaticity Phase 4 depolarization B-adrenergic-blocking agents 


Some idiopathic ventricular 
tachycardia 

Accelerated idioventricular 
rhythms 

Torsades de pointes 


(A) Enhanced normal 


Triggered activity 
(A) EAD 


Digitalis-induced arrhythmias (B) DAD 
Certain autonomically mediated 
ventricular tachycardias 


Sustained monomorphic 
ventricular tachycardia 

Atrial fibrillation 

Polymorphic and sustained 
monomorphic ventricular 
tachycardia 

Ventricular fibrillation 


AV nodal reentrant tachycardia 


(decrease) 


Phase 4 depolarization 
(decrease) 

Action potential duration 
(shorten) or EAD (suppress) 


Calcium overload (unload) or 
DAD (suppress) 

Calcium overload (unload) or 
DAD (suppress) 


Conduction and excitability 


Na* channel-blocking agents 


Ca“ or Nat channel-blocking 
agents 

B-agonists; vagolytic agents 
(increase rate) 

Ca" channel-blocking agents 

Mg**; B-adrenergic-blocking 
agents 

Ca* channel-blocking agents 

Na’* channel-blocking agents 

B-adrenergic-blocking agents 

Ca channel-blocking agents, 
adenosine 

Na‘ channel-blocking agents 


Reentry (Ca** channel-dependent) Conduction and excitability 


(depress) 
Refractory period (prolong) 
Refractory period (prolong) 


K' channel blockers 

Quinidine, procainamide, 
disopyramide 

Refractory period (prolong) Bretylium 

Amiodarone, sotalol 

Ca* channel-blocking agents 

(depress) 


*Refer to Table 17-2. 
EAD, early alter depolarizations; DAD, delayed after depolarizations. 


Modified from The Task Force of the Working Group on Arrhythmias of the European Society of Cardiology. The Sicilian Gambit: a new approach to the 
classification of antiarrhythmic drugs based on their actions on arrhythmogenic mechanisms. Eur Heart J 12:1112, 1991. 


rhythmias) is one of the more prominent therapeutic 
effects of calcium-blocking drugs, although this action 
is not characteristic of all drugs in this group.** °” 
Diltiazem and perhaps verapamil to a lesser extent 
have emerged as the most clinically useful calcium- 
blocking drugs for the treatment of supraventricular 
arrhythmias (chapter 18). 


CLINICAL PHARMACOKINETICS 


The pharmacologic effects of most drugs affecting 
the cardiovascular system are assumed to be a function 
of the drug concentration at specific receptor sites 
within the body. Although drug concentrations at 
these sites are rarely measured, it is generally assumed 
that the concentration of drug at the receptor site 
ultimately attains equilibrium with the concentration 
of drug in the vascular system (i.e., blood or plasma). 
Therefore, the concentration of drug at the’ receptor 
site is affected by the same factors as those affecting 
the concentration of drug in the blood (namely, the 
rate and extent of absorption, distribution processes, 
metabolism, excretion, and protein binding). Further- 
more, the development of safe and effective dosage 
regimens depends on elucidation of various pharmaco- 
kinetic parameters and knowledge of effective plasma 
concentrations of the drug. For example, the dose rate 


required to maintain an average or steady-state plasma 
drug concentration to produce a beneficial drug effect 
after attainment of equilibrium between drug in blood 
and at the receptor is obtained by the following equa- 
tion: 


Dose rate = total body clearance X average plasma drug 
concentration desired 


If the bioavailability of a drug is known after adminis- 
tration by a specific nonintravenous route, the dose 
rate should be modified by dividing the right-hand 
side of the equation by the extent of bioavailability. 
When the desired maximum and minimum plasma 
drug concentrations are known, the maximum time 
interval between doses (T) can be calculated: 


maximum drug concentration 
T = 1.44 X tie in ( g ) 


minimum drug concentration 


where tı is the terminal elimination half-life of the 
drug and In is the natural logarithm. 

The time required to achieve steady-state plasma 
drug concentrations after initiating constant intrave- 
nous infusion or multiple dosing is approximately four 
half-lives of the drug. If it is necessary or desirable to 
achieve therapeutic drug concentrations more rapidly, 
a loading dose can be given when the constant infusion 
or multiple dosing regimen is started. The loading 
dose is calculated as: 


TIG 


TABLE 17-5 
Electrocardiographic Properties of Popular Antiarrhythmic Drugs 


Ventricular 
Response 
During 
Sinus QRS QT Atrial Ventricular Accessory Supraventricular Ventricular 
Drug Rate Duration Duration Fibrillation Rate Pathway Arrhythmias Arrhythmia Antifibrillatory 
Quinidine T tT tT T l Į ++ ++ 0 
Procainamide 0 0/ ft 0/ t 0 l $ + ++ 0 
Lidocaine 0/ t 0 0/4 0 J 0/ | 0 +++ + 
Tocainide 0/ t 0 0/4 0 AF 0/4 0 ++ +? 
Mexiletine 0/ *t 0 0/4 0 J 0/4 0 ++ +? 
Phenytoin 0 0 0 0 0 1/0 0 + 0 
Propafenone Al 0 0 0 0/1 Ld + ++ — 
Propranolol 1 0 0 J ļ l + z 0 
Atenolol J 0 0 1 J J + + 0 
Esmolol ļ 0 0 J A l + + 0 
Amiodarone l 0 t l 0 1 + ++ + 
Sotalol l t t 0/4 0/4 l + + ++ 
Diltiazem l 0 0 Ld 0 0/ | ++ + 0 
Digoxin ļ 0 0 | 0 0/ | ++ + - 
Glycopyrrolate t 0 0 T 0 0 0 0 — 
T = Increase; | = decrease; 0 = no effect; + = beneficial effect; — = detrimental effect. 


Modified from Muir WW III, Sams RA. Pharmacology and pharmacokinetics of antiarrhythmic drugs. /n Fox PR (ed): Canine and Feline Cardiology. New York, Churchill Livingstone, 1988, pp 309-333. 
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Loading dose = desired plasma drug concentration X 
volume of distribution 


Drug concentrations immediately after intravenous 
bolus dose administration will be greater than desired 
if the drug is extensively distributed. Therefore, if the 
drug has a low therapeutic index, the loading dose 
should be divided or given slowly. Again, if bioavailabil- 
ity is incomplete, the appropriate correction can be 
made by dividing the right-hand side of the equation 
by the extent of bioavailability. 


CLEARANCE AND VOLUME OF 
DISTRIBUTION 


ORGAN CLEARANCE 


Clearance and volume of distribution are the most 
important terms in defining the disposition of a drug. 
Individual organ clearances added together equal the 
total body clearance: 


CL = CLena + CLiver + CLother 


where CL represents clearance and the subscripts indi- 
cate the organ or process involved. “Others” may rep- 
resent lung, saliva, sweat, and additional sites of metab- 
olism. If it is known, for example, that the drug is 
eliminated primarily by hepatic metabolism, the total 
body clearance approximates hepatic clearance. 

Individual organ clearances can be expressed as fol- 
lows: 


CL = organ blood flow X extraction ratio 


EXTRACTION RATIO 


The extraction ratio is an expression of the fraction 
of the drug molecules entering the organ that are 
removed by the organ. The extraction ratio ranges 
from zero for a noneliminating organ to unity for an 
organ that removes all drug molecules entering the 
organ. The maximum clearance of an organ is there- 
fore equal to the total blood flow to the organ. 


EXAMPLE OF ORGAN CLEARANCE—HEPATIC 


To illustrate the principles of clearance and the 
extraction ratio, the hepatic clearance of drug is used. 
The hepatic extraction ratio (Enepaic) is approximated 
as follows: 


fa X CLintrinsic 
Qhepauc + fa X Cintsinsic 


Enepatic 


where f, is the fraction of the drug unbound in blood, 
CLinuinsic 18 the intrinsic metabolic clearance, and Qhepatic 


is the total hepatic blood flow rate. Hepatic clearance 
is therefore approximated by the following equation: 


fa X_CLintrinsic 
Qhepatic + fa x CLintinsic 


CLhepatic = Qhepatic 


If hepatic blood flow is much greater than the product 
of unbound fraction and intrinsic clearance, hepatic 
clearance reduces to the following equation: 


CLhepatic = fu X CLinrnsic 


For drugs cleared in this manner, hepatic clearance 
is dependent on the unbound fraction and the intrin- 
sic clearance, but it is relatively independent of liver 
blood flow rate. Therefore, hepatic clearance of such 
low-extraction drugs will be influenced or affected by 
drug interactions and disease processes that affect pro- 
tein binding of drugs and their intrinsic clearances. 
Intrinsic clearance, in turn, depends on the properties 
of hepatic microsomal enzymes, which are subject to 
enzyme induction and enzyme inhibition. 

In other cases in which the hepatic blood flow is less 
than the product of the unbound fraction and the 
intrinsic clearance, the hepatic clearance is approxi- 
mated by the equation: 


CLhepauc T Qhepane 


Therefore, hepatic clearances of such “high-extrac- 
tion” drugs will depend only on hepatic blood flow 
rates. The clearances of these drugs (e.g., propranolol 
and lidocaine) will not be significantly affected by 
alterations in plasma protein binding or intrinsic clear- 
ance. 

The extent of oral bioavailability is determined not 
only by the fraction of the dose that is absorbed but 
also by the fraction of the absorbed dose that escapes 
hepatic metabolism. The latter fraction is readily esti- 
mated from the expression: 


F=1- Enepatic 


where F is the fraction of the absorbed dose escaping 
first-pass metabolism and Ej. pac is the extraction ratio. 
First-pass metabolism of highly extracted drugs, such 
as lidocaine and propranolol, will be high, and the 
fraction escaping first-pass metabolism will be low. The 
converse is true for low-extraction drugs, such as phen- 
ytoin and tocainide. 


VOLUME OF DISTRIBUTION 


The volume of distribution is a measure of the ex- 
tent of distribution of a drug outside the vascular 
compartment. Thus, a drug characterized by a large 
volume of distribution, such as lidocaine or digoxin, is 
extensively distributed to tissues, and a drug with a 
small volume of distribution, such as phenytoin, is not. 
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The volume of distribution (Vd,.) depends on several 
physiologic parameters as follows: 


Vd, = Ve F {fa p/fud x Vr 


where Vp is the volume of plasma water, fap is the 
fraction of drug not bound to plasma proteins, fa, is 
the fraction of drug not bound to tissue components, 
and Vp is the volume of water in the tissues. The 
volume of distribution of a drug will therefore be 
altered by changes in plasma and tissue volumes and 
by changes in the extent of drug binding to plasma 
proteins and tissue components. Several diseases cause 
alterations in binding, and drug interactions often in- 
volve competition between drugs for binding sites on 
plasma proteins or tissue components. 


DRUG HALF-LIFE 


The half-life of a drug is a useful pharmacokinetic 
parameter that depends on the volume of distribution 
and the total body clearance as shown: 


Half-life = 0.693 X Vd,/CL 


Thus, an increase in the volume of distribution or a 
decrease in total body clearance will increase the half- 
life of a drug. Since both changes may occur in various 
disease states, the change in half-life may be greater 
than that predicted on the basis of an evaluation of a 
change in either the volume of distribution or the total 
body clearance alone. 


PHARMACOLOGY OF SPECIFIC 
ANTIARRHYTHMIC DRUGS 


QUINIDINE 


CLINICAL USE 


Quinidine can be used to treat either supraventricu- 
lar or ventricular arrhythmias in dogs. Although it has 
been administered most often for ventricular arrhyth- 
mias, its use and popularity have waned when com- 
pared with more current antiarrhythmic agents. Occa- 
sionally in the dog it may be of value in the treatment 
of acute atrial fibrillation, particularly when this ar- 
rhythmia is not associated with atrial enlargement. 


ELECTROPHYSIOLOGY AND 
ELECTROCARDIOGRAPHY 


Quinidine is the prototypic Class Ia antiarrhythmic 
drug. Like all Class I antiarrhythmic drugs (see Table 
17-2), quinidine produces membrane-stabilizing ef- 
fects resulting from its inhibition of transmembrane 


sodium flux.* = The decrease in transmembrane 
sodium flux results in depression of conduction of 
electrical impulses and membrane responsiveness. Pro- 
longation of the action potential is a cellular electro- 
physiologic effect shared by quinidine and other Class 
Ia and IM antiarrhythmic drugs (see Table 17-2). This 
action, combined with quinidine’s ability to depress 
conduction, results in a marked prolongation of the 
effective refractory period in cardiac tissues. These 
direct cellular electrophysiologic effects are believed 
to be the primary mechanisms responsible for the 
antiarrhythmic efficacy of quinidine but are known 
to be extremely dependent on serum potassium con- 
centrations.** * 3 Low serum potassium concentra- 
tions antagonize the depressant actions of quinidine, 
whereas high serum concentrations increase quini- 
dine’s depression of conduction velocity, membrane 
responsiveness, and automaticity. 

Clinically, quinidine’s effects are the result of direct 
and indirect actions mediated by competitive blockade 
of muscarinic cholinergic receptors (see Table 17-3). 
Changes in heart rate and rhythm are dependent on 
the prevailing parasympathetic tone and the type of 
arrhythmia being treated (supraventricular versus ven- 
tricular). Since the parasympathetic nervous system 
innervates supraventricular tissues and proximal por- 
tions of the His-Purkinje system, quinidine’s anticho- 
linergic actions may increase SA node automaticity and 
AV conduction (see Tables 17-3 and 17-5). 

At therapeutic concentrations, the direct and indi- 
rect electrophysiologic actions of quinidine cause some 
alterations in the electrocardiogram. Minimal to mod- 
erate increases in sinus rate, slight increases in QRS 
duration, and prolongation of the QT interval can 
develop. The PR interval usually remains unchanged.” 
Acceleration of AV nodal conduction is an important 
consideration when treating patients with atrial fibril- 
lation and flutter because of the potential to produce 
marked increases in ventricular rate. Clinically, digitalis 
has been added to slow AV conduction and prevent 
increases in ventricular rate in patients with supraven- 
tricular arrhythmias, especially atrial fibrillation. How- 
ever, calcium channel blockers may be more beneficial 
in such circumstances.” Toxic plasma concentrations 
of quinidine generally produce prolongation of the PR 
interval and QRS duration. An increase in the QRS 
duration of more than 25 percent is indicative of quini- 
dine toxicity. 


PHARMACOKINETICS 


Quinidine is a lipophilic weak base (pK, 4.0 and 8.6) 
that is rapidly and widely distributed to peripheral 
tissues. It is extensively bound to plasma and tissue 
proteins and has a large volume of distribution.” 

Quinidine is eliminated by the kidneys and is metab- 
olized by the liver; less than 40 percent of the dose is 
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eliminated unchanged in the urine.** Since hepatic 
clearance (4.1 ml/min/kg) is less than hepatic blood 
flow, hepatic clearance is relatively insensitive to 
changes in hepatic blood flow but is sensitive to 
changes in binding and intrinsic clearance. For exam- 
ple, propranolol does not reduce quinidine clearance 
in spite of a reduction in hepatic blood flow."' The oral 
availability of quinidine is good and is not appreciably 
influenced by first-pass metabolism. 

Quinidine competes for tissue-binding sites of cer- 
tain drugs, most notably digoxin. Consequently, 
plasma digoxin concentrations rise during quinidine 
therapy due to displacement of digoxin from skeletal 
muscle and other tissue-binding sites. # Furthermore, 
quinidine reduces the renal clearance of digoxin by 
unknown mechanisms.*: ** The possibility of central 
nervous system-—induced toxicity with arrhythmia pro- 
duction due to an increased circulating plasma con- 
centration of digoxin has also been suggested.** Thus, 
plasma digoxin concentrations should be monitored 
during combined quinidine-digoxin therapy and the 
digoxin dosage reduced if necessary. 


SIDE EFFECTS AND TOXICITY 


Negative inotropism, vasodilation, and hypotension 
can be produced by quinidine when administered at 
therapeutic dosages. These hemodynamic actions are 
not a problem in patients with normal cardiac function 
but must be considered when treating patients with 
compromised or compensated cardiac disorders. Quin- 
idine produces vasodilation by blocking both a- and 
a,adrenoceptors.* 

Toxic quinidine concentrations produce a variety of 
deleterious cardiac effects that are extensions of its 
direct electrophysiologic and hemodynamic actions. 
First-, second-, and third-degree AV block, intraventric- 
ular (i.e., bundle branch) block, and ventricular tachy- 
cardia can be produced by quinidine. Ventricular pre- 
mature complexes are probably produced by marked 
depression of conduction of electrical impulses, or are 
due to quinidine’s ability to induce early afterdepolar- 
izations.*® *” Direct depression of cardiac contractility 
and vasodilation cause decreases in cardiac output, 
hypotension, and increases in left ventricular end-dia- 
stolic pressure. Clinically, these changes are recognized 
by the development of lethargy, weakness, and pulmo- 
nary edema. Sodium bicarbonate, 1 mg/kg IV, can be 
used to partially reverse cardiotoxicity and hypotension 
(Table 17-6). Metabolic alkalosis can temporarily de- 
crease serum potassium concentrations, thereby lim- 
iting quinidine’s direct cellular effects, and increase 
quinidine’s binding to serum albumin. Protein-bound 
drugs do not exert pharmacologic activity. 

Nausea, vomiting, and diarrhea are the most fre- 
quently encountered adverse effects associated with 
oral quinidine therapy in dogs and cats. Approximately 


25 percent of all dogs treated with oral quinidine 
develop signs suggestive of gastrointestinal discomfort 
(Muir and Sams, unpublished data). Gastrointestinal 
side effects may be greater in cats, although quinidine 
is rarely used in this species. 


PROCAINAMIDE 


CLINICAL USE 


Procainamide has actions that affect both atrial and 
ventricular tissues. Therefore, it can be used in the 
treatment of supraventricular and ventricular arrhyth- 
mias. Although it is similar to quinidine, it is used 
more successfully in the treatment of ventricular ar- 
rhythmias, with fewer side effects (see Table 17-6). 


ELECTROPHYSIOLOGY AND 
ELECTROCARDIOGRAPHY 


Procainamide is a Class Ia antiarrhythmic drug with 
electrophysiologic properties similar to those of quini- 
dine.” Like quinidine, its electrophysiologic effects are 
due both to direct and indirect (anticholinergic) ac- 
tions (see Tables 17-2, 17-3).* Studies in animals 
yield conflicting results with regard to the effect of 
procainamide on sinus heart rate. At low drug con- 
centrations there is a vagolytic action, and at high 
drug concentrations there is a direct depressant effect. 
Studies in dogs reveal that in a dose-dependent man- 
ner AV nodal conduction and His-Purkinje conduction 
are prolonged, and the refractory periods of the atrial 
and ventricular muscles are prolonged. The direct 
depression of the AV node conduction velocity and 
the prolongation of refractoriness are partially blunted 
by the anticholinergic effects. Clinically, anticholiner- 
gic effects may be responsible for increases in ventricu- 
lar rate caused by an increase in the transmission of 
atrial impulses through the AV node. Therapeutic 
doses of procainamide, however, generally produce 
little or no effect on AV nodal conduction velocity or 
refractoriness in patients in normal sinus rhythm, 

Atrial automatic tissues are more sensitive than are 
ventricular automatic tissues as procainamide sup- 
presses normal and abnormal automaticity. Pro- 
cainamide’s effect on automaticity is believed to be its 
primary antiarrhythmic effect.“ It depresses the rate 
of rise of phase 0 of the action potential, resulting in 
decreased conduction velocity of electrical impulses in 
all cardiac tissues. Procainamide depresses membrane 
responsiveness and excitability in atrial and ventricular 
specialized fibers and muscle.* The vagolytic effects of 
procainamide on supraventricular tissues (particularly 
the AV node) are less pronounced than those of quini- 
dine. The electrophysiologic effects of procainamide, 
like those of quinidine, depend on the extracellular 


SIE 


TABLE 17-6 
Therapeutic Guidelines and Adverse Effects of Antiarrhythmic Drugs* 


Adverse Effects 


Drug Trade Name Dose* and Route of Administration Electrophysiologic Hemodynamic Other 
Quinidine Quinidine sulfate 5-15 mg/kg qid PO Aggravation of arrhythmia, AV block; Mild negative inotrope, Nausea, vomiting, diarrhea, 
Quinidine 6-20 mg/kg tid-qid PO, IM increased ventricular response in A hypotension depression 
gluconate fib 
Quinidine Dura-tabs 
Procainamide Pronestyl 10-20 mg/kg qid PO; 8-20 mg/kg IV, IM; Arrhythmia aggravation; AV block Hypotension with IV use Anorexia, nausea, vomiting, lupus- 
20-50 pg/kg/min CRI} like reaction 
Procan SR 20-50 mg/kg tid PO; cat: 62.5 mg/cat 
bid-tid PO 
Disopyramide Norpace 10-20 mg/kg q2h PO Arrhythmia aggravation; AV block; Aggravates CHF; hypotension 
increase in ventricular rate in A fib 
Lidocaine Lidocaine 2-8 mg/kg IV over 10 min Arrhythmia aggravation Minor Drowsiness, ataxia, nystagmus, 
40-80 pg/kg/min IV CRI} (cats: 0.25-1 Sinus bradycardia tremor, vomiting, seizures 
mg/kg IV over 5 min) AV block 
Tocainide Tonocard 10-20 mg/kg tid PO Same as lidocaine Same as lidocaine Same as lidocaine 
Mexiletine Mexitil 2-8 mg/kg bid-tid PO Same as lidocaine Same as lidocaine Same as lidocaine 
Phenytoin Dilantin 30 mg/kg tid PO Minor Minor Depression, seizures 
10 mg/kg IV slowly 
Propafenone Rhythmol 3-10 mg/kg tid PO Bradycardia, arrhythmia aggravation Hypotension, negative Depression 
inotrope 
Propranolol Inderal 5-40 mg tid PO Bradycardia; AV block Negative inotrope; Depression, aggravation of 
0.01-0.3 mg/kg IV; cat: 0.2-1.0 mg/kg tid hypotension pulmonary bronchoconstriction 
PO; 0.04-0.06 mg/kg IV slowly 
Nadolo! Corgard 5-40 mg tid PO 
Atenolol Tenormin 0.5-1.0 mg/kg sid or bid PO; cat: 6.25-12.5 
mg sid-bid PO 
Metoprolol Lopressor 5-50 mg tid PO 
Esmolol Brevibloc 50-100 pg/kg/min slowly IV to effect 
Amiodarone Cordarone 5-15 mg/kg bid PO Bradycardia; AV block Negative inotrope; Hypothyroidism, hyperthyroidism, 
hypotension pulmonary fibrosis, 
photosensitization, liver failure 
Bretylium Bretylol 5-10 mg/kg IV Arrhythmia aggravation; tachycardia Hypotension (late) Nausea, vomiting 
Sotalol Betapace 0.5-2 mg/kg bid, tid; PO Bradycardia, AV block, arrhythmia Negative inotrope, Depression 
aggravation hypotension 
Verapamil Calan; Isoptin 1-5 mg/kg tid PO; 0.05 mg/kg q 10-30 min Bradycardia; AV block hypotension Negative inotrope Depression 
IV (maximum cumulative dose is 0.15 
mg/kg) 
Diltiazem Cardiazem 0.5-2 mg/kg tid PO; 1-5 pg/kg/min IV Bradycardia; AV block; hypotension Negative inotrope Minimal depression 
Adenosine Adenocard 1-2 mg IV rapidly; repeat if necessary AV block; bradycardia Hypotension Depression 
Digoxin Lanoxin 0.005-0.011 mg/kg IV Sinus bradycardia; AV block; Positive inotrope Vomiting, diarrhea 
0.22 mg/m? bid PO, or 0.1 mg/kg divided proarrhythmia 
bid PO; cat: 0.031 mg q 24-48 h PO 
Atropine sulfate Atropine 0.02-0.04 mg/kg SQ, IV Tachycardia; ventricular arrhythmias Increased MVO» Depression, constipation 
Glycopyrrolate Robinul-V 0.005-0.01 mg/kg SQ, IV Tachycardia Increased MVO» Constipation 


*All doses are for the dog, unless otherwise indicated. 
+CRI, constant rate infusion; formula for CRI: Body weight (kg) X dose (ug/kg/min) x 0.36 = total dose in milligrams administered IV over 6 hours. 
MVO.,, myocardial oxygen consumption; A fib, atrial fibrillation; CHF, congestive heart failure. 
Modified from Muir WW III, Sams RA. Pharmacology and pharmacokinetics of antiarrhythmic drugs. Jn Fox PR (ed): Canine and Feline Cardiology. New York, Churchill Livingstone, 1988, pp 309-333. 
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potassium ion concentration. Increases in extracellular 
potassium potentiate its depressant actions. 

Therapeutic dosages of procainamide produce ECG 
changes that are the result of the direct cellular elec- 
trophysiologic effects of the drug. Sinus rate remains 
unchanged or is minimally decreased. The PR, QRS, 
and QT intervals are minimally prolonged (see Tables 
17-5, 17-6). The magnitudes of these changes are 
determined by the plasma concentration of procain- 
amide and can be used to monitor toxic drug concen- 
trations. A 25 percent increase in the QRS interval is 
an indication of procainamide toxicity. 


PHARMACOKINETICS 


Procainamide is a lipophilic weak base (pK 9.23) 
that is structurally related to procaine. Procainamide 
is rapidly and extensively distributed to extravascular 
tissues and, consequently, has a volume of distribution 
greater than that of total body water.” Procainamide 
is metabolized by the liver and excreted by the kidney. 
Renal excretion of procainamide is proportional to 
creatinine clearance. N-Acetylprocainamide, an active 
metabolite of procainamide in humans, is not pro- 
duced in dogs or cats.*' Drugs or diseases that interfere 
with liver metabolism or increase serum creatinine 
concentration should be expected to prolong procain- 
amide elimination. 

Total body clearance of procainamide in dogs is 
about 7 to 9 ml/min/kg at dosages of 8 to 26 
mg/kg.” The relative contributions of renal and he- 
patic clearance to total clearance are unknown. If total 
clearance is due largely to hepatic metabolism, then it 
would be expected that alterations in liver blood flow 
would have little effect on total clearance since pro- 
cainamide has a low extraction ratio. 

Plasma procainamide concentrations that are effec- 
tive against ventricular arrhythmias produced by digi- 
talis intoxication in dogs range from about 25 to 50 
ug/ml (Davis LE, personal communication). These 
concentrations are higher than in persons, perhaps 
due to the contribution of Macetylprocainamide to 
the pharmacologic effect in humans. These plasma 
concentrations can be attained with loading doses of 
38.2 mg/kg, followed by constant rate infusions of 
16.3 mg/kg/hr. Plasma procainamide concentrations 
effective for controlling arrhythmias produced by coro- 
nary occlusion and digitalis intoxication in dogs have 
also been achieved after intravenous doses of 40 to 60 
mg/kg." However, plasma procainamide concentra- 
tions required to abolish clinical arrhythmias are much 
lower than 25 to 50 ug/ml. 


SIDE EFFECTS AND TOXICITY 


Procainamide produces minimal cardiovascular de- 
pressant effects when compared with quinidine.®? Mild 


depression of cardiac contractility, vasodilation, and 
hypotension are produced when therapeutic dosages 
of procainamide are administered intravenously. Intra- 
muscular and oral administration of procainamide pro- 
duce insignificant changes in hemodynamics in dogs 
with normal myocardial function. Myocardial depres- 
sion following procainamide administration to patients 
in heart failure is minimal, a function of dosage, and 
dependent on the rate and route of drug administra- 
tion. 

Toxic dosages of procainamide produce hypotension 
and marked depression of AV conduction (see Table 
17-6). First-, second-, or third-degree AV block can 
occur. Depressed conduction in atrial and ventricular 
specialized fibers may initiate intraventricular block, 
precipitate tachyarrhythmias, or exacerbate existing ar- 
rhythmias. The precipitation of tachyarrhythmias by 
toxic dosages of procainamide or quinidine can result 
in syncope or lead to the sudden development of 
ventricular fibrillation.” Clinically, prolongation of the 
QRS and QT intervals (corrected for changes in heart 
rate) can be used as a therapeutic guide in order 
to avoid toxicity. Hypotension can be treated by the 
administration of fluids, calcium-containing solutions, 
or catecholamines (e.g., dopamine, dobutamine). 

Patients receiving oral procainamide occasionally de- 
velop nausea, vomiting, and diarrhea. These gastroin- 
testinal side effects are infrequent and generally sub- 
side when therapy is discontinued or reduced. A side 
effect that does not appear to be associated with ad- 
verse consequences occurs in some black dogs treated 
with procainamide. Black Dobermans and brindle box- 
ers have turned reddish brown when treated with pro- 
cainamide (Moise NS, unpublished observations). 


DISOPYRAMIDE 


CLINICAL USE 


Disopyramide is used less commonly than quinidine 
and procainamide in the treatment of ventricular ar- 
rhythmias.™ Unfortunately, side effects have limited its 
use in dogs.” 


ELECTROPHYSIOLOGY AND 
ELECTROCARDIOGRAPHY 


Disopyramide is a Class Ia antiarrhythmic drug with 
electrophysiologic and ECG properties similar to those 
of quinidine and procainamide (see Table 17-2).* 3 
Disopyramide has a long duration of action and pro- 
duces few side effects in humans.™ Like quinidine and 
procainamide, disopyramide produces electrophysio- 
logic actions that are due to direct and indirect (i.e., 
anticholinergic) effects” 5è (see Table 17-3). Unlike 
quinidine and procainamide, however, the anticholin- 
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ergic effects of disopyramide predominate at relatively 
low plasma concentrations. This results in increases in 
sinus rate and acceleration of AV conduction when 
therapeutic dosages of disopyramide are administered. 
Disopyramide should be used cautiously in patients 
with atrial flutter or fibrillation in order to prevent 
excessive ventricular rates. Disopyramide produces de- 
creases in automaticity and conduction velocity, and 
increases in refractoriness. Large doses of disopyr- 
amide produce direct depression of AV conduction. 
These actions are dependent on the extracellular po- 
tassium concentration. Like quinidine and procain- 
amide, disopyramide produces dose-dependent pro- 
longation of the PR, QRS, and QT intervals (see Tables 
17-5 and 17-6). 


PHARMACOKINETICS 


Disopyramide is a lipophilic weak base (pK, 8.36) 
that is rapidly and extensively distributed to extravascu- 
lar tissues. The binding of disopyramide to plasma 
a,-acid glycoprotein is concentration dependent and 
consequently the volume of distribution varies with 
concentration.” 

Disopyramide is cleared by renal and hepatic mecha- 
nisms, with approximately 20 percent of an intrave- 
nous dose eliminated unchanged in the urine. Hepatic 
metabolism is extensive and involves successive N-deal- 
kylation.”™ ** Metabolites may contribute to the overall 
pharmacologic effect. Hepatic clearance is intermedi- 
ate in magnitude between that of quinidine and pro- 
pranolol. 

Oral bioavailability is incomplete due to first-pass 
metabolism and averages about 40 percent. The half- 
life is somewhat larger after oral dosing (2.4 hours) 
than after intravenous doses (1.1 hours).°” 

Disopyramide doses of 3 to 5 mg/kg IV slow the 
sinus rate in healthy dogs.” Maximum plasma concen- 
trations after such doses are approximately 2 to 5 pg/ 
ml. Frequent dosing is required owing to the rapid 
clearance and short half-life in the dog. 


SIDE EFFECTS AND TOXICITY 


Therapeutic dosages of disopyramide produce sig- 
nificant decreases in myocardial contractility.’ This 
effect is much more pronounced than with quinidine 
and procainamide and can lead to a reduction in 
cardiac output and an increase in left ventricular end- 
diastolic pressure. Disopyramide therapy also produces 
vasoconstriction, resulting in an increase in peripheral 
vascular resistance. The mechanism for this latter ef- 
fect is controversial but may increase afterload, re- 
sulting in a reduction in cardiac output. The deleteri- 
ous cardiovascular effects of disopyramide are dose 
dependent and must be given serious consideration in 
patients with cardiac arrhythmias and heart failure.” 


The toxic manifestations associated with disopyr- 
amide therapy are primarily attributed to hypotension 
and myocardial depression, although electrophysio- 
logic and ECG abnormalities similar to those produced 
by quinidine and procainamide can be expected (see 
Tables 17-5, 17-6).*° Lethargy, weakness, and syncope 
may occur. Pulmonary congestion may develop or be 
exacerbated if dogs with compensated heart failure are 
treated with excessive doses of disopyramide. Anticho- 
linergic actions may result in tachycardia. The inci- 
dence of severe adverse side effects during long-term 
disopyramide therapy in dogs and cats is unknown. 


LIDOCAINE 


CLINICAL USE 


Lidocaine is relatively ineffective in the treatment of 
supraventricular arrhythmias but is very effective for 
the treatment of ventricular arrhythmias in dogs and 
cats (chapters 18 and 19). Nonsustained and sustained 
ventricular tachycardia, monomorphic and polymor- 
phic ventricular tachycardia, ventricular arrhythmias 
caused by cardiac sensitization to catecholamines (hal- 
othane), and digitalis toxicity respond favorably to li- 
docaine therapy.” Lidocaine should be considered the 
drug of choice for the acute treatment of ventricular 
arrhythmias in patients with compensated or uncom- 
pensated heart failure, but it should be used cautiously 
in order to avoid hypotension.” ê! ° 


ELECTROPHYSIOLOGY AND 
ELECTROCARDIOGRAPHY 


Lidocaine is a local anesthetic and Class Ib antiar- 
rhythmic drug that produces minimal depression of 
phase 0 of the cardiac action potential in normal 
tissue but marked depression of phase 0 in diseased 
tissues. ^ Unlike Class Ia antiarrhythmic drugs (i.e., 
quinidine, procainamide, disopyramide), therapeutic 
concentrations of lidocaine produce little effect on 
sinus rate, AV conduction, or action potential dura- 
tion and refractoriness. Therefore, lidocaine usually 
can be effectively used in patients with SA node dys- 
function. Lidocaine does not produce anticholinergic 
effects.® Cardiac muscle membrane responsiveness, ex- 
citability, and conduction velocity are depressed to a 
lesser degree by therapeutic concentrations of lido- 
caine than by quinidine or procainamide. In contrast 
to Class Ia antiarrhythmic drugs, lidocaine shortens 
action potential duration in atrial and ventricular spe- 
cialized fibers, although the effective refractory period 
may be prolonged slightly.” Lidocaine does not alter 
atrial refractoriness and conduction velocity, which 
may be a partial explanation for its ineffectiveness in 
the treatment of supraventricular arrhythmias. 
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The cellular electrophysiologic effects of lidocaine 
depend on the extracellular potassium concentration.’ 
Hyperkalemia intensifies depressant effects on cardiac 
membranes, whereas hypokalemia diminishes its effec- 
tiveness.*° 

Lidocaine generally produces no change in PR, 
QRS, or QT duration. The QT interval may decrease 
somewhat due to the ability of lidocaine to shorten 
action potential duration. Occasionally, lidocaine pro- 
duces sinus tachycardia (see Table 17-5). The mecha- 
nism for this latter effect is uncertain, but it may 
involve the central nervous system. 


PHARMACOKINETICS 


Lidocaine is a highly lipophilic weak base (pK, 7.85) 
that is rapidly and extensively distributed to extravascu- 
lar tissues. Consequently, it has a very large volume of 
distribution. Lidocaine binds (44 to 71 percent) to 
plasma proteins, primarily a,-acid glycoprotein. 

Lidocaine cannot be used orally despite excellent 
oral absorption.” The clearance of lidocaine from 
plasma is very high (first-pass effect) and is attributed 
to hepatic metabolism, since only about 2 percent of 
an intravenous dose is recovered unchanged in the 
urine.® ® Major metabolites result from successive N- 
dealkylation and aromatic ring hydroxylation.” The N 
dealkylated metabolites are pharmacologically active, 
possibly contributing to the antiarrhythmic and toxic 
effects of lidocaine. 

Lidocaine is rapidly metabolized by the liver. Conse- 
quently, its hepatic metabolism is dependent upon 
liver blood flow. Therefore, patients in heart failure 
clear lidocaine more slowly than normal patients and 
require correspondingly lower dosages. Propranolol® 
and cimetidine reduce hepatic blood flow. If adminis- 
tered concurrently with lidocaine, these drugs could 
decrease lidocaine clearance and predispose to lido- 
caine toxicity.” 7! Therapeutic plasma lidocaine con- 
centrations in persons range from 2 to 4 pg/ml, with 
toxicity occurring at concentrations as low as 5 to 9 
ug/ml.” Concentrations in excess of 9 ug/ml in hu- 
mans are frequently associated with toxicity. Ouabain- 
induced ventricular arrhythmias in dogs are abolished 
at a mean concentration of 6.2 ug/ml.” Plasma concen- 
trations required to abolish spontaneously occurring 
arrhythmias range from 0.5 to 4.0 ug/ml. 


SIDE EFFECTS AND TOXICITY 


Therapeutic doses of lidocaine produce minimal de- 
pression of cardiac contractility. Intravenous bolus 
administrations or infusions of large dosages can pro- 
duce transient and mild reductions in cardiac contrac- 
tility and vasodilation that may result in transient de- 
creases in cardiac output and arterial blood pressure, 
respectively. Slow bolus injections of therapeutic doses 


of lidocaine to dogs in heart failure produce no 
change in cardiac output, blood pressure, or heart 
rate.” 74 

Central nervous system (CNS) excitement is the 
most common toxic side effect following intravenous 
lidocaine administration to dogs and cats (see Table 
17-6).” Drowsiness and depression may occur when 
therapeutic doses of lidocaine are administered but 
are considered inconsequential. More frequently, agita- 
tion, disorientation, muscle twitching, nystagmus, and 
generalized tonic-clonic seizures are observed as the 
dose of lidocaine is increased. Convulsions are self- 
limiting and subside as the plasma lidocaine concentra- 
tion decreases. Cats are more sensitive to the CNS side 
effects of lidocaine than are dogs, emphasizing the 
need for caution during intravenous bolus administra- 
tion (Muir and Sams, unpublished data). Diazepam, 
0.5 mg/kg, is effective in preventing lidocaine-induced 
seizures. Respiratory depression and respiratory arrest 
may occur in unconscious dogs and cats receiving lido- 
caine to control arrhythmias due to traumatic myocar- 
ditis (Muir and Sams, unpublished data). 


TOCAINIDE 


Tocainide is effective in the treatment of ventricular 
arrhythmias. However, its widespread use is limited 
because of side effects.” 


ELECTROPHYSIOLOGY AND 
ELECTROCARDIOGRAPHY 


Tocainide, an analogue of lidocaine, is a Class Ib 
antiarrhythmic drug (see Table 17-2).*  ** 6è Tocai- 
nide is a lidocaine-like drug that can be given orally. 
Its electrophysiologic, antiarrhythmic, electrocardio- 
graphic, hemodynamic, and toxic effects are identical 
to those of lidocaine (see Tables 17-4 and 17-6).” 
Unlike lidocaine, however, tocainide’s clearance is not 
significantly influenced by changes in liver blood flow, 
thereby negating the potential interactions with drugs 
like propranolol] and cimetidine. 


PHARMACOKINETICS 


Tocainide is a lipophilic weak base structurally re- 
lated to lidocaine. Tocainide was synthesized in an 
effort to produce an antiarrhythmic agent with a lower 
clearance and greater oral availability than those of 
lidocaine. The volume of distribution is greater than 
total body water but substantially less than that of 
lidocaine. Total body clearance of tocainide is less than 
10 percent of that of lidocaine and is attributed to 
both hepatic metabolism and renal excretion.” Ap- 
proximately 30 percent of an intravenous dose is elimi- 
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nated unchanged in the urine.” Hepatic clearance is 
approximately 2.9 ml/min/kg in healthy dogs” and is 
expected to be relatively insensitive to changes in he- 
patic blood flow. Tocainide is well absorbed after oral 
administration and is not extensively metabolized on 
its first pass through the liver.” This allows the drug 
to be given orally. The half-life of tocainide is approxi- 
mately 4.7 hours after intravenous dosing and ranges 
from 8 to 12 hours after oral doses.” 


SIDE EFFECTS AND TOXICITY 


The high incidence of side effects (40 percent) 
(Muir and Sams, unpublished data) must be appreci- 
ated if tocainide is used. Nausea, vomiting, and an- 
orexia are common; neurologic disturbances, includ- 
ing ataxia, disorientation, and twitching, can occur. 
Moreover, renal failure and ocular lesions develop with 
use for more than 6 months.” 


MEXILETINE 


Currently, mexiletine is the most commonly used 
oral Class Ib antiarrhythmic for the treatment of ven- 
tricular arrhythmias.”* Preliminary experience and 
limited studies have shown it to be effective with a 
tolerable incidence of side effects. Mexiletine can be 
combined with B-adrenergic blockers (e.g., atenolol) 
to increase its effectiveness and potentially decrease 
side effects. Mexiletine has electrophysiologic, antiar- 
rhythmic, ECG, hemodynamic, and toxic effects similar 
to those of lidocaine and tocainide (see Tables 17-2, 
17-5, 17-6).°% 83 


PHARMACOKINETICS 


Mexiletine is rapidly absorbed from the gastrointesti- 
nal tract. A basic drug with high lipid solubility, it is 
metabolized by the liver and excreted by the kidney.™ 
Renal excretion is dependent on urinary pH, leading 
to large variations in the plasma elimination half-life. 
The elimination halflife of mexiletine varies from 4.5 
to 7 hours in dogs and is longer when the urine pH is 
alkaline.” Mexiletine is metabolized by hepatic mixed- 
function oxidases and, as with lidocaine, metabolism 
is influenced by liver blood flow. Cimetidine decreases 
the rate of mexiletine elimination. The volume of dis- 
tribution of mexiletine is large due to its high lipid 
solubility. Therapeutic plasma concentrations range 
from 0.5 to 2 ug/ml. 


SIDE EFFECTS AND TOXICITY 


Dogs treated with mexiletine may become anxious 
or depressed. Twitching may develop. Some dogs be- 
come lethargic. Most side effects can be controlled by 


lowering the dose and combining treatment with a B- 
blocker or cautiously adding a Class Ia antiarrhythmic. 


PROPAFENONE 


CLINICAL USE 


Propafenone, a Class Ib antiarrhythmic, is used in 
the treatment of ventricular and supraventricular 
tachycardia. It can be effective in preventing paroxys- 
mal atrial fibrillation and flutter. Currently, the lim- 
iting factor in its use is the cost. 


ELECTROPHYSIOLOGY AND 
ELECTROCA RDIOGRAPHY 


Propafenone possesses 1/40 the B-blocking activity 
of propranolol. However, because of propafenone’s 
ability to decrease the maximum rate of rise of phase 
0 of the cardiac action potential, it has been catego- 
rized as a Class Ib antiarrhythmic (see Table 17-2)." 
Propafenone-induced depression of phase 0 is ob- 
served in all cardiac tissues and is rate dependent, 
being more pronounced at higher heart rates. Concur- 
rent with depression of phase 0, propafenone shortens 
action potential duration and decreases the rate of 
phase 4 diastolic depolarization in specialized atrial 
and Purkinje fibers. Propafenone slows the rate of 
depolarization of action potentials within the atrioven- 
tricular node, thereby slowing AV nodal conduction. 
This electrophysiologic profile predisposes patients to 
first-, second-, and third-degree atrioventricular block 
and prolongation of the QRS duration (see Table 17- 
5). Moreover, care should be used in treating patients 
with sick sinus syndrome.* Propafenone’s mild, non- 
specific B-blocking activity is responsible for its ability 
to slow sinus rate in intact animals.* °° 


PHARMACOKINETICS 


Propafenone is absorbed slowly after oral administra- 
tion, reaching peak serum concentrations within 2 to 
5 hours of administration. Propafenone is extensively 
metabolized by the liver, and liver metabolites are 
known to contain varying degrees of parent compound 
activity. Oral dosages in dogs range from 3 to 10 
mg/kg administered two or three times daily. 


SIDE EFFECTS AND TOXICITY 


Therapeutic concentrations of propafenone pro- 
duce minimal decreases in arterial blood pressure and 
cardiac contractility, and caution should be used when 
administering propafenone as antiarrhythmic therapy 
to patients with congestive heart failure. Large doses 
may precipitate heart failure in patients with preex- 
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isting cardiovascular disease. Side effects include neu- 
rologic disorders, weakness, depression, nausea, and 
vomiting.* The potential for atrioventricular block 
must be considered, particularly in patients with preex- 
isting atrioventricular conduction disturbances. Propa- 
fenone has the potential to produce proarrhythmic 
effects in patients that are hypokalemic or receiving 
large doses of loop diuretics (furosemide).® *” 


PROPRANOLOL 


CLINICAL USE 


Propranolol is used to treat sinus tachycardia, supra- 
ventricular and ventricular arrhythmias, hypertrophic 
cardiomyopathy, hypertension, hyperthyroidism, and 
pheochromocytoma.*® Therapy with propranolol is 
greatly influenced by the prevailing sympathetic tone 
and §-adrenoceptor numbers. Chronic stimulation of 
cardiac receptors by the adrenergic nervous system or 
catecholamines in heart failure can result in a decrease 
in B-adrenoceptor numbers, known as down regulation. 
The administration of propranolol or any other B- 
adrenoceptor-blocking drug to a patient that has be- 
come dependent on adrenergic tone in order to main- 
tain heart rate and cardiac contractility can be lethal. 
By contrast, receptor up regulation may occur during 
chronic therapy with propranolol and other B-adreno- 
ceptor-blocking drugs. Chronic therapy with proprano- 
lol, for example, causes an increase in adrenergic re- 
ceptor numbers or affinity (up regulation), resulting in 
severe cardiac arrhythmias should therapy be suddenly 
discontinued.” Similarly, patients with chronic hyper- 
thyroidism demonstrate an increased number and sen- 
sitivity of B-receptors. 

Propranolol is contraindicated with sinus bradycar- 
dia, AV block, and severe congestive heart failure. Pa- 
tients with chronic obstructive airway disease, those 
undergoing anesthesia, or those receiving calcium en- 
try-blocking drugs must be monitored closely if pro- 
pranolol therapy is being considered. 

Drugs other than propranolol that possess B-adreno- 
ceptorblocking activity are potentially useful for the 
treatment of cardiac arrhythmias in dogs and cats. 
Metoprolol, atenolol, and esmolol are cardioselective 
8,-adrenoceptor-blocking drugs (Table 17-7) that offer 
specific advantages in patients with bronchospastic dis- 
orders or insulin-dependent diabetes mellitus. 


ELECTROPHYSIOLOGY AND 
ELECTROCARDIOGRAPHY 


Propranolol and compounds that possess B-adreno- 
ceptorblocking activity as their principal pharmaco- 
logic effect are grouped together as Class II antiar- 
rhythmic drugs.” Beta-blocking drugs (see Tables 17-2 


to 17-5) produce their beneficial effects on heart rate 
and rhythm by inhibiting the endogenous effects of 
the sympathetic nervous system or the effects of exoge- 
nously administered adrenergic drugs (e.g., norepi- 
nephrine, epinephrine, isoproterenol, dopamine, and 
dobutamine).** Adrenergic stimulation of the heart 
increases sinus rate, enhances conduction velocity 
through the AV node, and decreases refractoriness. 
Automaticity in atrial and ventricular specialized fibers 
is enhanced. Differential decreases in ventricular mus- 
cle refractoriness produce an inhomogeneous pattern 
of repolarization that, in the setting of increased auto- 
maticity, can predispose to arrhythmias. Propranolol 
and other B-adrenoceptorblocking drugs slow sinus 
rate, depress conduction through the AV node, and 
produce a more homogeneous pattern of repolariza- 
tion (see Table 17-5). Increases in automaticity pro- 
duced by increases in sympathetic tone are abolished. 
Dosages of propranolol that produce plasma concen- 
trations in the high therapeutic range (>100 ng/ml) 
cause direct cellular electrophysiologic effects. These 
direct actions are characteristic of the Class Ia antiar- 
rhythmic drugs and have been referred to as quini- 
dine-like effects. The importance of quinidine-like 
effects during clinical therapy is controversial but un- 
likely to be significant. The electrocardiogram is mini- 
mally affected by propranolol, except for those 
changes induced by decreased heart rate and slowed 
AV conduction (see Table 17-5). 


PHARMACOKINETICS 


Propranolol is a lipophilic weak base (pK, 9.45) that 
is highly bound to plasma aj-acid glycoprotein (90 
percent bound) and tissue proteins.” Consequently, 
propranolol is widely and extensively distributed to 
extravascular tissues and has a large volume of distribu- 
tion (greater than total body water).*! 

Propranolol is metabolized in the liver to several 
oxidation products and their conjugates, which are 
eliminated in the urine.** * One of these oxidation 
products, 4hydroxypropranolol, exhibits pharmaco- 
logic activity similar to that of propranolol and may 
contribute to propranolol’s pharmacologic effect.” 

Hepatic metabolism of propranolol is rapid and ex- 
tensive (i.e., clearance is not affected by alterations in 
plasma protein binding or metabolic activity), perfu- 
sion rate-limited (i.e., clearance is affected by alter- 
ations in liver blood flow rate), and saturable. Conse- 
quently, the extraction ratio is high and dose 
dependent; only a small fraction of an oral dose es- 
capes first-pass metabolism and reaches the systemic 
circulation.** % Therefore, oral bioavailability is low 
but may increase disproportionately with increased 
doses as saturation of liver enzymes occurs. 

The total body clearance of propranolol is very high, 
approaching or perhaps exceeding liver blood flow in 
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TABLE 17-7 
Pharmacologic Properties of B-Adrenoceptor-Blocking Drugs 
Intrinsic Membrane- 
Relative B, Sympathomimetic Stabilizing 
Drug Selectivity Activity Lipophilicity Activity 
Propranolol 0 0 High + 
Nadolol 0 0 Low 0 
Timolol 0 0 Low 0 
Pindolol 0 + Moderate + 
Metoprolol F 0 Moderate 0 
Atenolol + 0 Low 0 
Esmolol* + 0 ? 0 
Labetalolt 0 0 Low 0 


*Short duration of action (10 to 20 minutes). 
{Possesses a -adrenoceptor-blocking activity. 
+, Property exhibited; 0, property not exhibited. 


Modified from Muir WW III, Sams RA. Pharmacology and pharmacokinetics of antiarrhythmic drugs. /n Fox PR (ed); Canine and Feline Cardiology. New 


York, Churchill Livingstone, 1988, pp 309-333. 
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dogs." Alterations in liver blood flow due to physio- 
logic variables (e.g., feeding), disease states (e.g., car- 
diac failure), or concomitant administration of drugs 
affecting cardiac output or liver blood flow would be 
expected to affect the clearance of propranolol. Feed- 
ing increases (52 percent) the clearance of intravenous 
propranolol; this is mostly due to an increase in he- 
patic blood flow, which remains elevated for 5 to 7 
hours after feeding.”® Furthermore, propranolol de- 
creases liver blood flow and decreases its own clear- 
ance as well as the clearance of other highly extracted 
drugs (e.g., lidocaine) .”! 

The dose of propranolol required to suppress cate- 
cholamine-induced arrhythmias is 0.1 to 1.0 mg/kg IV 
(doses above 0.3 mg/kg are considered high) and 2 to 
4 mg/kg orally. Doses may be given two or three times 
daily. Feeding does not affect the extent of oral absorp- 
tion of propranolol but significantly delays the rate of 
absorption, shifting the time of peak plasma concentra- 
tion from about 60 to 158 minutes after dosing.” Ther- 
apeutic plasma concentrations range from 40 to 85 
ng/ml in humans and are probably similar in dogs 
and cats. 


SIDE EFFECTS AND TOXICITY 


Propranolol and other §-adrenoceptor-blocking 
drugs produce dose-dependent decreases in cardiac 
contractility and metabolic rate. Decreases in cardiac 
contractility and heart rate combine to produce de- 
creases in stroke volume, cardiac output, arterial blood 
pressure, and myocardial oxygen consumption. These 
effects are particularly pronounced after intravenous 
administration and must be considered during oral 
therapy in patients with severe congestive heart failure 
or cardiomyopathy. Other important pharmacologic 
effects of propranolol are dependent on its nonselec- 
tive B-adrenoceptor-blocking activity (see Table 17-7) 
and include decreases in renin release, bronchocon- 


striction, vasoconstriction, and inhibition of insulin 
release.*® 

Toxic concentrations of propranolol produce brady- 
cardia, cardiac failure, and hypotension (see Table 
17-6). Bronchospasm and hypoglycemia may occur 
but are rare. These effects can be prevented by the 
infusion of catecholamines (e.g., dopamine, dobuta- 
mine), which may precipitate cardiac rhythm distur- 
bances. CNS depression and disorientation may occur 
during therapy with propranolol and other highly lipo- 
philic f-adrenoceptorblocking drugs. Propranolol 
markedly potentiates the depression of atrioventricular 
conduction produced by digitalis, calcium entry-block- 
ing drugs, and Class Ia antiarrhythmics. The simultane- 
ous administration of propranolol and a calcium entry- 
blocking drug (e.g., verapamil) can produce dramatic 
reductions in heart rate and cardiac contractility. 


ATENOLOL 


CLINICAL USE 


Atenolol is a cardioselective B,-adrenoceptor-block- 
ing drug that is used as an alternative to propranolol 
in dogs and cats (see Tables 17-6, 17—7).** It may be 
preferred because of fewer side effects and less fre- 
quent dosing (0.2 to 0.5 mg/kg od to bid). Atenolol 
has been used successfully to reduce sinus rate, depress 
AV conduction, and eliminate premature ventricular 
depolarizations. The electrophysiologic and electrocar- 
diographic effects of atenolol are similar to those of 
propranolol. 


PHARMACOKINETICS 


Atenolol has low lipophilicity and does not readily 
cross the blood-brain barrier, thereby decreasing the 
potential for CNS side effects. In contrast to proprano- 
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lol, clearance is primarily renal rather than hepatic. 
Also, only approximately 10 percent of atenolol is 
bound to plasma proteins. The low lipophilicity of 
atenolol accounts for the difference in organ clear- 
ance. Likewise, low lipid solubility does not result in 
significant crossing of the blood-brain barrier, thereby 
decreasing the potential for CNS side effects (depres- 
sion) more commonly seen with propranolol. 


SIDE EFFECTS AND TOXICITY 


Excessive doses of atenolol can cause bradycardia or 
AV nodal block. Although the frequency of lethargy 
and depression is much less with atenolol than with 
propranolol, these effects can still occur. 


ESMOLOL 


CLINICAL USE 


Esmolol is an ultra-short-acting cardioselective B,- 
adrenoceptor-blocking drug (see Tables 17-2, 17-6, 
17-7).'° Like that of other B-adrenoceptorblocking 
agents, esmolol’s antiarrhythmic activity is fully derived 
from §,-blocking activity.* ** Electrophysiologic, elec- 
trocardiographic, and hemodynamic effects are similar 
to those of other 8-adrenoceptor-blocking drugs. Clini- 
cally, esmolol is effective therapy for sinus tachycardia, 
supraventricular tachycardia, and ventricular arrhyth- 
mias that are believed to be initiated or aggravated by 
increases in sympathetic tone. Esmolol is particularly 
effective as therapy for ventricular arrhythmias that 
are caused by drugs (thiobarbiturates, halothane) that 
sensitize the myocardium to arrhythmias. 


PHARMACOKINETICS 


Esmolol has a relatively short half-life (minutes) in 
dogs and cats. This drug is rapidly converted to inac- 
tive metabolites by blood esterase”; therefore, esmolol 
is given as either an intravenous bolus or a constant- 
rate infusion. Infusion rates ranging from 25 to 200 
ug/kg/min have been used to successfully treat ar- 
rhythmias in dogs and cats; to reduce the pressure 
gradient, myocardial work, and myocardial oxygen 
consumption in dogs with aortic stenosis; and to re- 
duce acutely or eliminate dynamic left ventricular 
outflow tract obstruction in cats with hypertrophic ob- 
structive cardiomyopathy (Fox PR, personal communi- 
cation). Like all ®-adrenoceptor-blocking drugs, 
esmolol’s effects are dependent upon prevailing sym- 
pathetic tone. Drug effects are more pronounced 
when sympathetic tone is high. 


SIDE EFFECTS AND TOXICITY 


As with other B-blockers, esmolol must be adminis- 
tered cautiously and under close supervision to pa- 
tients in heart failure or that are volume depleted, in 
order to avoid the acute onset of hypotension, pulmo- 
nary congestion, and heart failure. Extravasation of 
esmolol from the vein can result in skin irritation 
because of its acidity. Furthermore, when used to treat 
life-threatening supraventricular arrhythmias, caution 
should be high if prior treatment with calcium channel 
blockers has been given. When these agents are com- 
bined, the potential for excessive bradycardia is in- 
creased. 


AMIODARONE 


CLINICAL USE 


Although amiodarone is classified as a Class III anti- 
arrhythmic (see Table 17-2), it actually possesses Class 
I, II, and IV activity as well.” It is an effective treatment 
for both supraventricular and ventricular arrhythmias 
in humans. In addition to its antiarrhythmic proper- 
ties, it also possesses antifibrillatory activity. Today, use 
of amiodarone in veterinary patients is limited because 
of the cost and inadequate clinical studies to demon- 
strate effectiveness over side effects. 


PHARMACOKINETICS 


Amiodarone is a lipophilic weak base that has a large 
volume of distribution (2.22 L/kg).” It is cleared from 
the plasma (CL, = 21.0 + 7.0 ml/min/kg) by liver 
metabolism.” A major active metabolite, Mdesmeth- 
ylamiodarone, accumulates during chronic oral dos- 
ing. The concentration of amiodarone in the myocar- 
dium at steady-state plasma concentrations is almost 
90 times its concentration in plasma, reflecting the 
selective uptake of the drug by heart tissues. Also, its 
lipid solubility is responsible for amiodarone’s high 
concentrations in the liver and lungs. Furthermore, 
myocardial concentrations of the drug decrease much 
more slowly than plasma concentrations. The onset of 
action of orally administered amiodarone is slow and 
therefore requires loading doses. Amiodarone is ex- 
creted by the luminal glands, skin, and biliary tract. 
Serum digoxin concentrations increase during concur- 
rent amiodarone administration due to decreases in 
renal clearance of digoxin. This could predispose to 
signs and symptoms of digitalis toxicity. Oral bioavail- 
ability is poor, probably due to extensive first-pass me- 
tabolism. The complex pharmacokinetics of amioda- 
rone result in difficult dosing schedules and ill-defined 
therapeutic plasma considerations. 
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ELECTROPHYSIOLOGY AND 
ELECTROCARDIOGRAPHY 


Amiodarone was initially introduced as a coronary 
artery vasodilator. However, it markedly prolongs the 
action potential duration and effective refractory pe- 
riod in both atrial and ventricular tissues. Therapeutic 
doses of amiodarone decrease sinus rate and depress 
AV conduction velocity. The ECG usually demonstrates 
a slowing of sinus rate, PR and QT prolongation, and 
a flattening of the T wave (see Table 17-5). Cardiac 
contractility and arterial blood pressure are minimally 
depressed by therapeutic doses of amiodarone. 


SIDE EFFECTS AND TOXICITY 


Serious side effects can occur with amiodarone (see 
Table 17-6) as reported in humans.’ 1 Pulmonary 
fibrosis, gray-bluish discoloration of the skin, corneal 
microdeposits, and altered thyroid function can de- 
velop. Moreover, although amiodarone when used 
alone does not usually cause torsades de pointes, it is 
more likely when combined with some other drugs 
(i.e., Class I antiarrhythmics). Until recently, the use 
of amiodarone in humans was considered only for the 
most severe arrhythmias. However, with much lower 
doses and the demonstration that amiodarone effec- 
tively lowered morbidity and mortality, it has become 
more generally used.’ The extreme effectiveness of 
amiodarone as therapy for potentially lethal cardiac 
arrhythmias that are refractory to conventional antiar- 
rhythmic therapy warrants its continued investigation 
in dogs with atrial and ventricular arrhythmias despite 
the potential for toxicity. 


BRETYLIUM 


CLINICAL USE 


Bretylium, a Class III antiarrhythmic (see Table 17- 
2), has had limited use in clinical veterinary medicine. 
It was initially introduced as a chemical antifibrillatory 
drug. However, this action was not appreciated until it 
was learned that adequate tissue concentrations in the 
heart did not occur until several hours after intrave- 
nous administration. The use of bretylium is probably 
limited to situations of impending ventricular fibrilla- 
tion in an intensive care situation. 


PHARMACOKINETICS 


Bretylium is a hydrophilic quaternary amine (i.e., it 
is ionized at all pH values). The rate and extent of 
tissue distribution are less, and therefore its volume of 
distribution is lower than that of other drugs discussed 
in this chapter because of its greater polarity. The total 


clearance of bretylium is low and is attributed to renal 
elimination.’”' Total clearance is diminished in those 
patients with renal dysfunction, and the dose should 
be reduced accordingly. The limited volume of distri- 
bution and low clearance result in a comparatively 
long half-life of about 10.4 hours. Bretylium is well 
absorbed after intramuscular administration but is not 
absorbed after oral administration. 

Antifibrillatory effects are related more closely to 
tissue drug concentration than to plasma drug concen- 
tration. Drug concentrations in plasma decline rapidly 
after intravenous dosing; tissue concentrations rise 
slowly, peaking at 1.5 to 6 hours.'’? Therefore, antifi- 
brillatory effects should not be expected immediately 
after IV dosing but are delayed for 3 to 6 hours after 
a single dose. Intravenous doses of 2 to 6 mg/kg in 
dogs produce myocardial tissue concentrations that 
peak at 6 to 15 ug/ml in 3 to 6 hours. These concen- 
trations increase ventricular fibrillation thresholds 5- 
to 18-fold in dogs with or without myocardial ischemia. 


ELECTROPHYSIOLOGY AND 
ELECTROCARDIOGRAPHY 


Bretylium produces antiarrhythmic effects by both 
indirect and direct actions (see Table 17-3). Bretylium 
therapy results in an initial release of catecholamines 
from adrenergic nerve terminals. This effect is tran- 
sient and is followed by a prolonged period during 
which norepinephrine release from postganglionic 
nerve terminals is inhibited. The direct actions of bret- 
ylium are limited to ventricular muscle and Purkinje 
tissues, in which it markedly prolongs action potential 
duration and the effective refractory period.!"*" Bret- 
ylium increases the threshold necessary to induce ven- 
tricular fibrillation.” ' Clinically, administration of 
bretylium in therapeutic dosages causes a transient 
increase in sinus and AV conduction velocity, presum- 
ably associated with initial catecholamine release.“ 
This is followed by a longer period during which heart 
rate and AV conduction are depressed. The ECG is 
not significantly changed by bretylium. 


SIDE EFFECTS AND TOXICITY 


Toxicity associated with bretylium therapy is rare. 
Hypotension is infrequent and, when it does occur, is 
easily treated with intravenous fluids. Ataxia, nausea, 
and vomiting may occur after rapid intravenous admin- 
istration. No significant drug interactions have been 
reported in conjunction with bretylium therapy. Brety- 
lium should not be administered to extremely 
bradycardic or hypotensive animals. 


SOTALOL 


CLINICAL USE 


Sotalol is a Class III antiarrhythmic and B-blocker 
that has been available for clinical use in Europe and 
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South America for over 30 years (see Table 17-2). *4 
It has been used to treat both ventricular and supra- 
ventricular arrhythmias. 


PHARMACOKINETICS 


Sotalol is almost 100 percent bioavailable in dogs 
and cats, with plasma concentrations reaching their 
maximum within 1.5 to 2 hours after oral administra- 
tion.” Sotalol demonstrates a relatively longer half-life 
than most antiarrhythmic drugs do and is eliminated 
in the urine and feces. Absorption of sotalol from the 
gastrointestinal tract is delayed by meals containing 
calcium, and drug elimination is markedly prolonged 
in patients with renal disease. Oral dosages of sotalol 
in the dog range from 3 to 5 mg/kg administered two 
or three times daily. The lowest effective dose should 
be used to decrease the incidence of side effects. 


ELECTROPHYSIOLOGY AND 
ELECTROCARDIOGRAPHY 


Efficacy in humans for treatment of supraventricular 
and ventricular arrhythmias has been established and 
extensively studied. A major factor in its efficacy is the 
combined Class III and Class II actions present in the 
racemic form of sotalol (d,] sotalol). When only the 
Class III action (d sotalol) is available, the beneficial 
effect for decreasing mortality in humans is lost. Sota- 
lol prolongs the ventricular action potential duration 
and thereby potentially produces antifibrillatory activ- 
ity’; it also inhibits the time-dependent potassium cur- 
rent (delayed rectifier, Ix). Minimal depressant effects 
are observed on the background potassium current 
(inward rectifier, Ix). These actions produce a marked 
prolongation of action potential duration and refracto- 
riness and are most pronounced in Purkinje fibers, 
although significant prolongation of both atrial and 
ventricular myocyte action potentials also occurs. 

Therapeutic concentrations of sotalol do not affect 
the maximum rate of rise of the cardiac action poten- 
tial (phase 0) nor do they modify the rate of phase 4 
diastolic depolarization in sinoatrial, atrioventricular, 
or other automatic cells.” Sinus rate in intact animals 
is often decreased, however, due to sotalol’s nonselec- 
tive B-blocking activity (see Table 17-5). Unlike other 
B-blockers (propranolol, atenolol) without intrinsic 
sympathomimetic activity (pindolol), sotalol has the 
potential to produce a positive inotropic effect by pro- 
longing action potential duration and increasing the 
magnitude of the inward calcium current. The clinical 
significance of this activity is controversial and may be 
overshadowed by nonselective 8-blocking properties. 
This latter point is supported by the observation that 
intravenous and oral administration of sotalol to dogs 
decreases heart rate, stroke volume, ejection fraction, 


cardiac output, and dP/dt (a load-dependent index of 
ventricular contractility). 


SIDE EFFECTS AND TOXICITY 


Adverse effects associated with sotalol administration 
include hypotension, bradyarrhythmias, depression, 
nausea, vomiting, and diarrhea (see Table 17-6).” 
Congestive heart failure may be precipitated in animals 
with preexisting cardiac disease. As with other Class III 
and Class Ia and Ic antiarrhythmics, sotalol] has the 
potential to produce proarrhythmic effects, including 
the development of torsades de pointes, particularly in 
hypokalemic patients or patients receiving relatively 
high doses of loop diuretics (furosemide).® “© In 
humans, torsades de pointes is more common with 
sotalol than with amiodarone. 


VERAPAMIL AND DILTIAZEM 


CLINICAL USE 


Verapamil and diltiazem are examples of Class IV 
antiarrhythmic agents (see Table 17-2) that can be 
effectively used to treat supraventricular arrhythmias. 
Both result in some arteriolar dilation, although vascu- 
lar selectivity is substantially less than in dihydropyra- 
midines (i.e., nifedipine, amlodipine). Each drug can 
be given parenterally or orally as an antiarrhythmic 
(for specifics with regard to use, see chapter 18). 


PHARMACOKINETICS 


Verapamil is a lipophilic weak base that is rapidly 
and extensively distributed to extravascular tissues. To- 
tal body clearance is very high due to extensive liver 
metabolism and possibly other routes of elimination.'°° 
Two metabolites resulting from successive demethyl- 
ation are found in plasma after oral and intravenous 
dosing and may contribute to the drug’s pharmaco- 
logic effect. The oral bioavailability of verapamil is 
low due to extensive first-pass metabolism, but the 
metabolite, nonverapamil, is active in humans. Vera- 
pamil is extensively protein bound. Diltiazem also is 
highly protein bound, but has less first-pass hepatic 
metabolism than verapamil. Diltiazem is only partially 
excreted by the kidneys and primarily eliminated in 
the gastrointestinal tract. Unless the slow-release for- 
mulations of diltiazem are used, dosing must be fre- 
quent (three to five times daily in the dog). Because 
of metabolite accumulation, this dosing interval may 
decrease with chronic use. 

Verapamil decreases the renal clearance of digoxin, 
resulting in increased serum digoxin concentra- 
tions.” 8 Diltiazem does not interfere with dosing 
requirements for digoxin. 
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ELECTROPHYSIOLOGY AND 
ELECTROCARDIOGRAPHY 


Class IV antiarrhythmic drugs derive their electro- 
physiologic and antiarrhythmic activity by producing 
dose-dependent depression of transmembrane calcium 
flux through the slow L-type calcium channel.!°° This 
action has led to the terms “‘slow-channel inhibitory 
drugs,” “calcium antagonists,’ and “‘calcium-entry 
blockers” (the last of which is preferred). Although a 
wide variety of compounds have been developed that 
inhibit calcium entry into cardiac cells, only verapamil 
and diltiazem demonstrate significant antiarrhythmic 
activity. This action is believed to be due to their 
ability to depress the slow inward Ca** current and 
minimally to inhibition of the fast Na* current. Because 
of dose-dependent decreases in sinus rate and atrioven- 
tricular conduction velocity, slowing of the sinus rate 
and PR interval prolongation can be documented (see 
Tables 17-3, 17-6). 


SIDE EFFECTS AND TOXICITY 


Verapamil and diltiazem can cause decreases in car- 
diac contractility, vasodilation, and hypotension (see 
Table 17-6).*° '° Depression, anorexia, and lethargy 
can be seen with these calcium-entry blockers. 

Toxic doses of verapamil or diltiazem can produce 
sinus bradycardia, AV block, hypotension, and heart 
failure.” These deleterious effects can be antagonized 
by the intravenous administration of calcium-con- 
taining solutions or catecholamines. 


DIGITALIS GLYCOSIDES 


CLINICAL USE 


Digoxin is the most common digitalis glycoside used 
to treat supraventricular arrhythmias. Atrial fibrillation 
is the most frequent supraventricular arrhythmia 
treated in dogs with digoxin (for specifics regarding 
treatment see chapter 18). 


PHARMACOKINETICS 


Digoxin has a low therapeutic to toxic ratio. In years 
past, excessive doses of digoxin resulted in frequent 
toxicity. Currently, more conservative and cautious dos- 
ing, knowledge of drug and disease interactions, and 
monitoring of plasma digoxin concentrations facilitate 
therapy with less toxicity. Digoxin is excreted primarily 
through the kidneys and, therefore, in renal failure, 
the dose must be decreased. Renal excretion of di- 
goxin is also reduced during hypokalemia. 


ELECTROPHYSIOLOGY AND 
ELECTROCARDIOGRAPHY 


Digitalis glycosides produce indirect and direct anti- 
arrhythmic effects." Most of the indirect antiarrhyth- 
mic actions are due to increases in parasympathetic 
tone and sympathetic inhibition (see Table 17-3). Digi- 
talis glycosides decrease sinus rate, depress AV conduc- 
tion velocity, prolong AV refractoriness, enhance intra- 
atrial conduction, and depress atrial specialized-fiber 
automaticity. Digitalis derives its positive inotropic ef- 
fects by producing dose-dependent inhibition of the 
Na*, K’-ATPase-dependent pump.'"” Inhibition of the 
Na*, Kt pump results in the accumulation of intracellu- 
lar sodium that exchanges for extracellular calcium, 
thereby increasing intracellular calcium concentration, 
which ultimately produces a more forceful cardiac con- 
traction. Digitalisinduced increase in inotropy, de- 
crease in cardiac size, and increase in myocardial 
perfusion may be partially responsible for improved 
intra-atrial conduction and the abolition of ventricular 
arrhythmias. Prolongation of the PR interval, although 
inconsistent, is the most frequent ECG change ob- 
served during digitalis therapy. 


SIDE EFFECTS AND TOXICITY 


Toxic doses of digitalis cause cellular depolarization 
and marked slowing of conduction in atrial and ven- 
tricular specialized fibers and the AV node. These ac- 
tions can produce a wide variety of conduction dis- 
turbances, including first, second-, and potentially 
third-degree AV block; right or left bundle branch 
block; and reentrant atrial or ventricular arrhythmias. 
The excessive accumulation of intracellular calcium 
can result in abnormalities in intracellular calcium 
kinetics, causing oscillation of the resting membrane 
potential, delayed afterdepolarizations (DADs), and 
the development of atrial and ventricular arrhythmias. 
More common toxic side effects include depression, 
restlessness, nausea, vomiting, anorexia, and diarrhea 
(see Table 17-6). 

Digitalis toxicity can be managed by decreasing or 
withdrawing digitalis therapy. Lidocaine and phenytoin 
are particularly effective for treating digitalis-induced 
arrhythmias. The simultaneous administration of di- 
goxin with certain drugs (e.g., furosemide, quinidine, 
propafenone, amiodarone, and verapamil) can de- 
crease the renal clearance of digoxin, increase digoxin 
serum concentrations, and potentially induce digitalis 
toxicity." Hypokalemia decreases digoxin binding to 
skeletal muscle, increasing serum digoxin plasma con- 
centrations and predisposing to digitalis toxicity. 


POTASSIUM AND MAGNESIUM 


Throughout this discussion, continued reference has 
been made to maintaining normal serum potassium 
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concentrations. Indeed, it can be unequivocally stated 
that increases or decreases in serum potassium concen- 
tration can be responsible for the development of 
certain cardiac arrhythmias.*” !!!: 112 Hyperkalemia pro- 
duces sinus bradycardia, first-, second-, and third-de- 
gree atrioventricular block, sinoventricular rhythm dis- 
turbances, sinoventricular rhythms, and ultimately, 
widening of the QRS complex, poor ventricular func- 
tion, cardiac failure, and ventricular fibrillation. Hypo- 
kalemia produces persistent nonresponse and supraven- 
tricular tachycardia and predisposes to ventricular 
fibrillation. Abnormalities in serum potassium concen- 
tration can have dramatic effects upon antiarrhythmic 
therapy and the effects of antiarrhythmic drugs. In- 
deed, most antiarrhythmic drugs are ineffective during 
hypokalemia and potentially toxic during hyperka- 
lemia. Furthermore, many antiarrhythmic drugs with 
the potential to produce proarrhythmic effects are 
more likely to do so in hypokalemic patients. Relatively 
minor proarrhythmic effects in normokalemic patients 
can transform into severe polymorphic ventricular 
tachycardia (including torsades de pointes) in states of 


hypokalemia.** *: ° Therefore, serum potassium con- 
centrations should be monitored during initiation of 
antiarrhythmic therapy if hypokalemia is suspected, or 
during administration of large doses of loop diuretics. 

Magnesium deficiency is associated with chronic car- 
diovascular disease and, either by itself or in associa- 
tion with hypokalemia, has been demonstrated to pro- 
duce a variety of cardiac arrhythmias, particularly 
ventricular tachycardias.” "2 13 Magnesium is neces- 
sary for normal Nat, K’-ATPase pump function and 
exerts control over intracellular potassium homeosta- 
sis. Magnesium is also required for protein and nucleic 
acid synthesis within cells and in the mitochondria. 
Magnesium homeostasis is important for normal func- 
tion of potassium channels in cardiac myocytes and 
therefore can influence action potential, duration, and 
resting membrane potential. 

Magnesium is recognized as a physiologic calcium 
channel blocker that may interfere with calcium cur- 
rents, causing shortening of the action potential dura- 
tion. Decreases in magnesium can in fact shorten ac- 
tion potential amplitude and duration and decrease 


Drugs inhibiting SA or AV nodes (B- 


Result 


Increased digoxin level 

Added negative inotropic effect and/or 
depressed conduction 

Enhanced hypotension, negative 
inotropic effect 

Increased risk of torsades de pointes 

If hypokalemia, risk of torsades de 
pointes 

Increased quinidine level 


Possible immune effects 


Reduced hepatic clearance of lidocaine; 
toxicity 

Reduced hepatic clearance of 
phenytoin; long half-life 


SA and AV nodal depression 


blockers, verapamil, diltiazem, 


Drugs with negative inotropic effects 
Drugs with depressed HV conduction 


Diuretics, Class Ia agents, amiodarone, 


Depressed myocardium 
Conduction delay 


Digoxin level increased 


Myocardial depression 
Reduced clearance 


Risk of torsades de pointes 
Digoxin level increased 
Flecainide level increased 
Risk of torsades de pointes 


Myocardial depressants 
Increased digoxin concentration 


TABLE 17-8 
Examples of Drug-Drug Interactions Involving Antiarrhythmic Drugs 
Class Drug Interaction with 
Ta Quinidine Digoxin 
Other Class I antiarrhythmics 
B-blockers, calcium antagonists 
Amiodarone 
Varapamil 
Diuretics 
Procainamide Few interactions 
Captopril 
Ib Lidocaine B-blockers, cimetidine, halothane 
Phenytoin Chloramphenicol 
Tocainide Few interactions 
Mexiletine Few interactions 
Ic Propafenone 
digoxin) 
(quinidine, procainamide) 
Digoxin 
II Propranolol (B-blockers) Anesthetics 
Lidocaine 
Ill Amiodarone Class Ia drugs 
Digoxin 
Flecainide 
Sotalol 
phenothiazines 
IV Verapamil B-blockers 
Digoxin, quinidine 
Diltiazem B-blockers 


Myocardial depression 


Modified from Marcus FI, Opie LH. Antiarrhythmic agents. /n Opie LH (ed): Drugs for the Heart. 3rd ed. Philadelphia, WB Saunders, 1991, p 189. 
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resting membrane potential; this can predispose to 
spontaneous automaticity, decreases in cardiac refrac- 
toriness, and development of tachyarrhythmias.'? In- 
creases in magnesium produce negative chronotropic 
and antiarrhythmic effects. Intravenous magnesium ad- 
ministration produces slowing of the heart rate, mini- 
mal prolongation of the PR interval, and mild systemic 
hypotension. Ideally, serum magnesium concentrations 
should be evaluated in dogs and cats with chronic 
heart disease or in animals receiving high doses of 
loop diuretics (e.g., furosemide), particularly since hy- 
pomagnesemia can produce ventricular arrhythmias." 
In states of hypomagnesemia, the administration of 
magnesium chloride (0.3 mEq/kg) over 10 minutes 
followed by a constant-rate infusion of 0.2 mEq/kg/hr 
can be used to return serum magnesium concentra- 
tions to within normal limits (1.5 to 2.4 mEq/L). 


DRUG-DRUG AND 
DRUG-DISEASE INTERACTIONS 


Interactions between drugs (Table 17-8) or between 
drugs and various disease states are common. When 
severe, they can alter drug concentrations in the blood 
and, therefore, at the drug-receptor site to such an 
extent that therapeutic failure may result. Although a 
given drug dose may result in clinical efficacy when 
administered, the same drug may produce toxicity or 
be ineffective if its pharmacokinetics are altered by the 
administration of another drug or by a disease process. 
Examples of pharmacokinetic parameters that may be 
altered from drug-drug interactions are illustrated in 
Table 17-8. 
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Diagnosis and 
Management of 
Canine Arrhythmias 


N. SYDNEY MOISE 


OVERVIEW 


The decision to treat an arrhythmia must be made in conjunction with 
the history, clinical signs, physical examination, and complete data base. 
Reasons for initiating treatment should be established and goals of therapy 
clearly understood by both the clinician and pet owner. Follow-up examina- 
tions and electrocardiographic (ECG) recordings are crucial to assure appro- 
priate outcome. 


ECG ACQUISITION AND ARRHYTHMIA 
IDENTIFICATION 


ROUTINE ECG RHYTHM STRIP RECORDINGS 


Routine ECG rhythm strips are frequently inaccurate and insufficient to 
disclose and assess potentially dangerous arrhythmias. ? Although standard 
ECG recordings may sometimes capture arrhythmias, reliance on these short 
recordings reduces the likelihood of arrhythmia detection, maintaining ap- 
propriate surveillance, or reaching accurate conclusions. 


24-HOUR ECG (HOLTER) MONITORING 


Twenty-four-hour ambulatory ECG (Holter) monitoring is an important 
technique to assist evaluation and monitoring, both before and after treat- 
ment. Three types of continuous ECG recorders are available:* 


1. The continuous recorder (most commonly used in dogs and cats) 
contains at least two amplifiers and an analog tape recorder for capturing 
the ECG continuously; 

2. The intermittent recorder is self-activated for purposes of capturing 
abnormal rhythms when a patient has symptoms. This records short seg- 
ments for analysis or transmission by telephone; 

3. The real-time analytic recorder analyzes the recording as it occurs and 
stores only information interpreted as abnormal. 
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CLINICAL INDICATIONS 


A Holter recording is indicated whenever clinical 
signs may be associated with a cardiac arrhythmia that 
has eluded diagnosis on the routine ECG. In addition, 
animals with supraventricular tachycardia or ventricu- 
lar tachycardia that requires treatment may benefit by 
comparing a baseline and post-treatment recording to 
evaluate efficacy.*” 


TECHNICAL PROCEDURE 


The most valuable information results when Holter 
recordings are made in the home environment and 
combined with a pet owner diary describing the dog’s 
activity and clinical signs. Many recorders have an 
event marker that can be activated by the owner. This 
identifies the time that a specific behavior such as 
syncope occurred. The techniques of lead placement 
and Holter monitor application have been described.’ 
Technical problems include low-voltage QRS com- 
plexes, weak battery, motion artifact, poor electrode 
contact, tape drive malfunction, and incomplete de- 
gaussing of previously used tapes. 


NORMAL FINDINGS AND DATA 
INTERPRETATION 


Because commercial computerized Holter analyzers 
have algorithms designed for human adult interpreta- 
tions, they cannot be automatically applied to canine 
or feline tapes without causing erroneous diagnoses. A 
tabulated report of the frequency of ectopic beats 
should not be accepted blindly, and examples of what 
were annotated as ectopic beats should be provided. 
Interactive reading by someone trained in the evalua- 
tion of animal electrocardiography provides a more 
accurate (and time-consuming) interpretation. In 
some instances, full disclosure of the 24-hour re- 
cording may be necessary. 


ACCEPTABLE ARRHYTHMIA COUNTS. During prolonged 
ECG monitoring, a small number of clinically unim- 
portant premature supraventricular and ventricular 
complexes may occur, even in healthy subjects.? ° In 
humans, a Holter recording is considered within nor- 
mal limits if premature complexes account for less 
than 100 beats/24 hr or less than 5 beats/hr, and 
no repetitive forms or complex arrhythmias occur.'® 
Currently, there are no parallel guidelines for the dog 
and cat, although some observations can be men- 
tioned. Although it is very uncommon to find ventricu- 
lar arrhythmias in young dogs under 3 years of age, it 
is not unusual to record them in dogs over 8 years of 
age. Although this frequency increases with illness,"! 
the clinical significance does not necessarily change. 


Holter recordings performed in normal beagles have 
revealed only rare ventricular extrasystoles.’ 


QRS VARIATION. A great variation in QRS-T morphol- 
ogy is present in canine 24-hour recordings. These 
may be caused by the change in cardiac location within 
the chest when the dog moves. Awareness of this fact 
prevents misdiagnosis of conduction disturbances. 


NORMAL HEART RATE VARIATION. The normal healthy 
dog may have sinus rates that approach 300 beats/min 
and last for a short time during excitement or acute 
pain. Such heart rates can develop relatively rapidly 
without an obvious “warm-up” period, especially with 
recordings printed at a maximum of 25 mm/sec. This 
may lead to a mistaken diagnosis of a pathologic and 
serious supraventricular tachyarrhythmia. Conversely, 
sinus rates of 25 to 35 beats/min during deep, slow- 
wave, or rapid eye movement sleep are not unusual in 
the dog.’* '* Also, during these stages of sleep pro- 
longed sinus pauses of 2 to 4 seconds occur. Such 
pauses could be misdiagnosed as evidence of sick sinus 
syndrome if a diary of the dog’s activity is not kept. 
Some normal sleeping dogs will develop junctional or 
even ventricular escape rhythms during sleep. In 
young, healthy dogs, occasional second-degree atrio- 
ventricular (AV) block can occur, even in the midst of 
a normal sinus rhythm. 


TACHYARRHYTHMIAS: 
VENTRICULAR VS. 
SUPRAVENTRICULAR 


The origin of tachyarrhythmias is classified as either 
supraventricular or ventricular. In Table 18-1, the most 
reliable distinguishing criteria have been listed, al- 
though there are exceptions. In humans, the QRS 
complex morphology recorded in precordial leads has 
led to specific algorithms for differentiation;'*'? how- 


TABLE 18-1 
Differentiation of Supraventricular and 
Ventricular Arrhythmias 
Supraventricular Ventricular 
Narrow Is the QRS complex narrow or wide? Wide 
Yes Does the premature complex look No 
80-90% like the normally 
conducted sinus complex? 
Yes Are P waves associated with the No 
premature QRS complexes? 
No Are fusion beats present? Yes 
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ever, these remain to be studied in spontaneous canine 
arrhythmias. 


MORPHOLOGY OF THE QRS COMPLEX 


Premature QRS complexes of supraventricular ori- 
gin usually appear as normally conducted sinus com- 
plexes (Fig. 18-1), which are usually narrow when 
compared with complexes of ventricular origin. Supra- 
ventricular tachyarrhythmias are most commonly con- 
fused with ventricular tachyarrhythmias when the QRS 
complex is wide (Fig. 18-2). A wide tachycardia of 
supraventricular origin occurs with (1) marked ECG 
evidence of left or right ventricular enlargement, (2) 
pre-existent left or right bundle branch block, (3) 
AV conduction over an accessory pathway, and (4) 
functional left or right bundle branch block (aber- 
rancy). “Aberrancy” is a term used to indicate that 
conduction was delayed because the premature stimu- 
lus triggered a QRS complex when some myocardial 
cells were partially refractory. Therefore, the QRS com- 
plex has a different configuration than the normal 
sinus complex. Because the recovery time of the right 
bundle branch is longer than that of the left, the 


FIGURE 18-1 


aberrant complex usually has the configuration of a 
right bundle branch block. Although aberration is usu- 
ally considered with premature complexes (accelera- 
tion-dependent or long-short aberration), it can occur 
with slow heart rates (deceleration-dependent aberra- 
tion) (Fig. 18-3). Commonly, the T-wave configuration 
is different in size or polarity with premature supraven- 
tricular complexes even though the QRS complex is 
almost identical to the sinus complex (see Fig. 18-1). 
Uncommonly, premature ventricular complexes 
(PVCs) can appear narrow and very similar to the 
normally conducted  sinoatrium-initiated complex. 
This can be true if the origin of the PVC is near the 
His bundle,” or it may be noted in only a single lead.* 
Therefore, simultaneously recorded leads should be 
examined. 


ASSOCIATION OF P WAVES AND QRS 
COMPLEXES 


When P waves are dissociated from QRS-T com- 
plexes, the arrhythmic QRS waveform is most likely of 
ventricular origin. Such an identification may be diffi- 
cult with ventricular tachycardia (VT), particularly 
when sinus-initiated P waves are hidden within the 


Composite illustrating canine 
premature supraventricular 
complexes. The QRS morphology 
of these complexes is narrow and 
appears similar to complexes 
originating from the sinoatrial 
node, Interpretation is more 
accurate when simultaneously 
recorded leads are examined. 
Paper speed 50 mm/sec, 1 mV = 
1 cm. (A) Sinus tachycardia with a 
premature supraventricular 
complex (arrow) is present. Its 
morphology is narrow 
(supporting supraventricular 
origin) but slightly different from 
the QRS complexes of sinus 
origin. The amplitude is smaller, 
and the initial depolarization 
forces are altered (note the lack 
of a Q wave in II, IHI, and aVF 
and the lack of an r-wave in aVR 
and aVL) due to aberrancy. Even 
when a premature QRS complex 
appears identical to the sinus 
complex, the T-wave morphology 
can be different as noted here. 
(B) The configuration of the 
premature complex (second 
from left) is slightly altered, not 
because of aberrancy but because 
of a superimposed P wave 
(arrows). 
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FIGURE 18-2 


Composite of canine supraventricular tachycardias with wide QRS complexes that can be mistaken 
for ventricular tachycardias. Paper speed 50 mm/sec, 1 mV = 1 cm, lead II. (A and B) This 6 
month-old cocker spaniel was undergoing a balloon valvuloplasty for severe pulmonic stenosis. Sinus 
tachycardia is present (A). When the heart rate slows, a sinus rhythm (note P waves for each QRS-T 
complex) with evidence of right ventricular hypertrophy is apparent. (C and D) This rapid, wide 
QRS complex supraventricular arrhythmia resembles ventricular tachycardia (C). When the 
tachycardia breaks (D), a sinus rhythm with left bundle branch block is evident. (E and F) ECGs 
recorded from a Saint Bernard. The QRS complexes are negative, wide, and abnormal in polarity for 
lead II (characteristic of a right bundle branch block). (E) An irregular rhythm without P waves 
(fine fibrillation waves are present) constitutes atrial fibrillation. In (F), the atrial fibrillation 
converted to a sinus rhythm and distinct P waves (P) are evident. An atrial premature complex is 
illustrated (arrow). The following sinus complex has a P wave that is very different in configuration 
from the other P waves. This wider, lower-amplitude P wave results from aberrant atrial conduction 
caused by the previous premature complex, and it is known as Chung’s phenomenon. 


QRS-T complex, or if retrograde atrial depolarizations 
occur. In the latter, complexes that originate in the 
ventricle conduct retrograde through the atrioventric- 
ular node to depolarize the atrium; the resulting nega- 
tive P wave is hidden in the QRS-T complex.'* 

With supraventricular arrhythmias, P waves may not 
be visible if they are hidden in the preceding T wave 
(Fig. 18-4). In humans, premature atrial P waves look 
different from those of sinus origin. However, this is 
frequently unreliable in the dog because the sinus 
node is large (40 mm),'® and impulses emerge from 
different regions, depending on autonomic tone. This 
causes variation in P-wave configuration (wandering 


pacemaker) with sinus complexes (Fig. 18-5). Another 
cause of P waves that are not associated with QRS-T 
complexes is junctional tachycardia. Although a junc- 
tional tachycardia can depolarize the atria, it is possible 
for this supraventricular arrhythmia to have the atria 
controlled by the sinus node or other atrial tissue 
(Fig. 18-6). 


REGULAR OR IRREGULAR RHYTHM 


Determining whether the rhythm is regular or ir- 
regular, and the length of the pause following a prema- 
ture complex, are unreliable features to consider in 


DIAGNOSIS AND MANAGEMENT OF CANINE ARRHYTHMIAS 335 


FIGURE 18-3 


Composite of premature supraventricular 
complexes with altered conduction caused by the 
timing of the stimulus. Paper speed 50 mm/sec 
except (D), which is 25 mm/sec, 1 mV = 1 cm. 
(A) ECG recorded from a dog with atrial 
bigeminy exemplifies acceleration-dependent 
aberration. The arrow points to the aberrant R 
wave. Notice also the associated premature P’ 


wave. Aberrant conduction that widens the B. Supernormal conduction 


premature supraventricular complex is usually 
acceleration dependent. This occurs when the 
ventricle is stimulated by premature stimulus 
during the relative refractory period. It results in 
delayed ventricular conduction that prolongs the 
QRS morphology of the atrial premature 
complex. 


(B) ECG recorded from a 14-year-old Ibizan a ; i 


hound with left bundle branch block. Although 
excessively premature supraventricular complexes 
usually result in slower ventricular conduction, 
supernormal conduction can occasionally occur. 
In supernormal conduction, the P-R interval 
remains unchanged or shortened as seen here. 
This finding rules out equal prolongation of the 
left and right bundle branches. Although the 
name implies conduction that is faster than 
normal, the actual meaning is conduction that is 
better than expected. Here, a supraventricular 
premature complex (arrow) results in a QRS 
complex, which is narrower than that associated 
with the sinus rhythm. The T-wave configuration 
is also altered. The other reason for such a 
narrow complex is equalization of conduction 
between the left and right bundle branches. In 
such a case the right bundle is delayed with the 
premature stimulation. Therefore, with the pre- 
existing delay in the left bundle, the conduction 
time is more synchronized and the cancellation of 
forces results in a narrow complex. 
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(C) ECG from a 9-year-old mixed-breed dog. Aberrant conduction depends not only on the degree of prematurity of a stimulus, but also 
on the R-R interval that immediately precedes the premature beat. This is because the action potential duration of a beat is determined by 
the preceding R-R interval. The longer the R-R interval, the longer the action potential and the greater the possibility for aberration. This 
type of aberrancy has been named Ashman’s phenomenon and is associated with a long-short sequence. That is, a normally conducted 
complex occurs after a long R-R interval, but aberration develops when the next stimulus occurs after a short R-R interval. Although this 
type of aberration most commonly affects the right bundle, left bundle branch block (LBBB) or prolongation also occurs, as shown in this 
tracing. The first beat (arrow) of the supraventricular tachycardia is widened with an LBBB pattern. After this complex, accommodation 
develops to the fast rate, and a narrow tachycardia persists until another long-short sequence results in an aberrant complex (second arrow). 
This dog had atrial tachycardia, although this type of aberrancy is more often associated with atrial fibrillation because of the more 
frequent variation in the R-R intervals. Numbers between R waves indicate R-R interval duration in msec. 

(D) ECG from an 8-year-old Afghan hound exhibiting deceleration-dependent aberration. Notice that incomplete right bundle branch 
block alternates with complete right bundle branch block at slow heart rates (R-R intervals >440 msec). Before the development of the 
deceleration-dependent complete RBBB, the dog had incomplete RBBB for 5 years without clinical signs. The variation in R-R interval was 


due to sinus arrhythmia. 


differentiating supraventricular and ventricular rhythms. 
A regular or irregular rhythm can occur with both. 
Identification of compensatory or noncompensatory 
pauses is frequently not useful because of sinus ar- 
rhythmia, interpolated premature complexes, and ret- 
rograde atrial depolarization with resetting of the sinus 
node by ventricular complexes.” ?! 


USING VAGAL MANEUVERS TO ASSIST 
DIFFERENTIATION 


Interventions that increase vagal tone to the heart 
may profoundly alter supraventricular arrhythmias. 
Therefore vagal maneuvers (Fig. 18-7) or intravenous 


(IV) administration of cholinergic drugs may help dis- 
tinguish some ventricular from supraventricular tachy- 
arrhythmias and assist in classifying supraventricular 
tachycardia as AV nodal dependent or independent 
(see later). Vagal tone is physiologically increased by 
the Valsalva maneuver (humans), coughing, sneez- 
ing, gagging, or vomiting.” Some physical maneuvers 
(sitting down, head-dependent position, cold immer- 
sion, and deep breath) increase systemic blood pres- 
sure and reflexly activate vagal tone. 


CAROTID SINUS MASSAGE 


The most clinically useful maneuver to increase va- 
gal traffic to the heart is carotid sinus massage (Fig. 
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FIGURE 18-4 


Electrophysiologic recordings from a German shepherd dog who developed supraventricular 
arrhythmias during anesthesia using a fentanyl infusion. A lead IT ECG recording reveals ectopic P’ 
waves. Because of the high vagal tone induced by the fentanyl, many ectopic P’ waves are not 
conducted, and a ventricular escape complex is evident following five sequential P’ waves. A 
simultaneously recorded intra-atrial electrogram shows the A and A’ waves. Atrial depolarizations 
(A’) are evident on the intra-atrial electrogram, but some of the corresponding P’ waves are not 
distinguishable on the surface lead II ECG because the P’ wave is hidden within a QRS complex 
(arrow). Notice the effect of the arrhythmia on arterial blood pressure. Paper speed 25 mm/sec. 


18-7). Elevated vagal tone slows the sinus rate because 
of (1) hyperpolarization (activation of channel Ixaci:), 
and (2) inhibition of channels that promote depolar- 
ization during hyperpolarization (I,).2*°° AV nodal con- 
duction is slowed (particularly the N or central/com- 
pact region) because of hyperpolarization and 
diminished action potential amplitude. 

The dog should be positioned in lateral recumbency, 
with care taken to calm the pet. The points of maximal 
carotid arterial pulse are palpated with the fingertips 
placed behind the angle of the jaw on the right and 
left upper neck. Here, firm, medially directed pressure 
is initiated over the carotid arteries for 5 to 10 seconds. 
This is applied by moving the fingertips longitudinally, 
back and forth in a craniocaudal direction. The im- 
posed pressure stimulates baroreceptors in the carotid 
sinuses. Emanating from the carotid sinus, a branch of 


the 9th cranial nerve (the nerve of Hering) travels up 
to the vasomotor center of the medulla.” If effective 
nerve stimulation has occurred, the accompanying in- 
crease in efferent parasympathetic traffic to the heart 
and decrease in sympathetic tone will slow the sinus 
heart rate and AV nodal conduction, cause peripheral 
vasodilation, and reduce systemic blood pressure.” 
Once the maneuver is stopped, the sympathetic ner- 
vous system will counteract the imposed autonomic 
imbalance (Fig. 18-7). 

Experimentally, direct stimulation of the canine va- 
gus nerve causes dramatic reduction in heart rate and 
AV nodal conduction. However, if sympathetic tone is 
elevated, carotid sinus massage may not terminate the 
supraventricular tachycardia (SVT). Heightened sym- 
pathetic tone that overrides increased parasympathetic 
activity is one reason why vagal maneuvers are fre- 
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FIGURE 18-5 


ECGs recorded from normal dogs to illustrate the effect of autonomic tone and P-wave 
configuration (R-R intervals are in msec). Paper speed 50 mm/sec, 1 mV = 1 cm, lead II. (A) The 
changing size and shape of the P wave, known as wandering pacemaker, is caused by a shift in sinus 
impulse origin within the large canine sinoatrial node. During respiratory sinus arrhythmia, the 
balance of autonomic tone shifts during expiration to the parasympathetic, and during inspiration, 
to the sympathetic, This results in an alternating slower and faster heart rate, respectively, and shifts 
the site of sinus origin. During the slower sinus heart rate, the P wave is shorter, whereas during the 
faster heart rates the P wave is taller. Typically, the P wave is taller during sinus tachycardia. During 
prolonged R-R intervals (exaggerated sinus arrhythmias), the P wave after the long pause is 
occasionally tall. This may be due to elevated sympathetic tone in response to the prolonged drop in 
blood pressure, shifting the focus of SA nodal discharge to a more ventral location in the sinus 
node. 

(B) ECG from a dog with a pronounced sinus arrhythmia, Notice the wide spectrum of P-wave 
configurations with a wandering pacemaker. The negative P waves (first and last beats) probably 
originate near the coronary sinus. (C) was recorded from a dog during sinus rhythm, whereas (D) 
was recorded from the same animal immediately after exercise. The P-wave amplitude increased in 
response to sympathetic stimulus and heart rate. 
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FIGURE 18-6 


ECG from an English bulldog, with supraventricular tachycardia originating from the atrioventricular 
nodal region. Sinus P waves are evident that are not associated with the tachycardia. Occasionally, 
there was SA capture (notice the P waves /arrows] associated with QRS-T complexes), resulting in a 
shorter R-R interval (260 msec). This example illustrates junctional tachycardia with occasional 
capture. Numbers indicate P-P and R-R interval duration (msec). Paper speed 50 mm/sec, 1 mV = 


1 cm, lead II. 


quently ineffective, and this heightened tone may re- 
quire adjunctive, cautious administration of drugs that 
affect the sinoatrial or AV nodes (e.g., B-adrenergic 
blockers or calcium channel blockers). Repeating vagal 
maneuvers may then induce AV block or break the 
tachyarrhythmia (Fig. 18-8). 


SUPRAVENTRICULAR 
TACHYARRHYTHMIAS 


Supraventricular arrhythmias originate from the 
atria or the AV junction. Antiarrhythmic drugs work 
through their effects on ion channels, which, in turn, 
affects the underlying mechanism of the arrhythmia. 
Thus, inference of mechanism could serve as the basis 
of more rational drug selection. Although differentiat- 
ing causal mechanism is difficult,” some guidelines 
may be offered. 


AV NODE INDEPENDENT VS. AV NODE 
DEPENDENT SUPRAVENTRICULAR 
TACHYCARDIAS 


Some SVTs are characterized by their requirement 
for the AV node; SVTs that do not need the AV node 
to perpetuate the abnormal rhythm are AV node inde- 
pendent. These include ectopic atrial tachycardias (au- 
tomatic, triggered, intra-atrial re-entrant), sinoatrial 
node tachycardias (automatic, re-entrant), atrial flut- 
ter, and atrial fibrillation. Conversely, those rhythms 


that require the AV node for existence are AV node 
dependent. These include AV nodal re-entrant tachycar- 
dia, automatic junctional tachycardia, and bypass tract 
tachycardia. Their differentiation can be assisted by 
response of increases in parasympathetic tone (vagal 
maneuvers) and drugs that affect AV nodal conduc- 
tion. For example, if parasympathetic tone is effectively 
increased, the following may occur: (1) automatic si- 
nus tachycardia is gradually slowed; (2) ectopic atrial 
tachycardias usually persist, but the ventricular rate is 
slowed and P waves (AV block) may be identified; 
(3) the F waves of atrial flutter and f-waves of atrial 
fibrillation are exposed, and ventricular response is 
decreased; and (4) the arrhythmia of AV nodal re- 
entry can be abolished. 


AV NODE INDEPENDENT 
SUPRAVENTRICULAR TACHYCARDIAS 


SINUS NODE TACHYCARDIA 


DEFINITION, ECG FEATURES, MECHANISMS. Sinus node 
tachycardia is characterized by positive P waves in leads 
II, III, and aVF. The tachycardia increases (onset) and 
decreases (offset) gradually rather than abruptly;* the 
heart rate is not instantly at its maximum, but accelera- 
tion develops with progressively shorter P-P intervals 
and associated R-R intervals. Similarly, the offset of the 
arrhythmia does not occur suddenly, but progressive 
lengthening of the P-P and R-R intervals occurs before 
the arrhythmia stops. These changes in rate can occur 
over only a few beats. Gradual speeding (warm-up) 
and slowing (cool-down) of heart rate is characteristic 
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FIGURE 18-7 


Carotid 


Parasympathetic tone can be I 
SINUS 


increased by direct carotid sinus 
massage. (A) Digital pressure 
applied to the carotid sinus 
directly stimulates associated 
baroreceptors. The nerve of 
Hering, a branch of the 9th 
cranial nerve, transmits afferent 
impulses to the vasomotor center 
of the medulla. This stimulates 
the vagus (10th cranial) nerve, 
resulting in efferent cardiac 
traffic that reduces sinoatrial 
node discharge (decreasing heart 
rate) and slows atrioventricular 
node conduction. Atrial and, to 
the least extent, ventricular 
myocardium also are affected by 
the increased vagal traffic. (B) 
Simultaneous Lead II ECG and 
arterial blood pressure recording 
in a dog. The first arrow 

indicates the time when its B 
cervical right vagus nerve was 
directly stimulated 
experimentally. Notice the 
reduction in heart rate and 
blood pressure. When 

stimulation was stopped shortly 
after (second arrow), a rebound 
increase in heart rate and blood | 
pressure occurred. This degree of 

response can sometimes occur 

clinically with successful carotid 

sinus massage. Paper speed 10 

mm/sec. (C) Simultaneous 

experimental direct stimulation 

of both the right and left vagal 

nerves in the same dog elicited a I 
profound reduction in heart rate 

and blood pressure. This 

represents a far greater response 

than occurs when carotid sinus 

massage is clinically 

applied—unless underlying sinus 

node disease is present. Paper 

speed 10 mm/sec. 


of arrhythmias caused by enhanced automaticity. While 
heart rates approaching 300 beats/min can develop in 
a frightened dog, such rates are not sustained. Dogs 
with cardiac pathology or systemic diseases can develop 
more sustained automatic sinus tachycardia. An inap- 
propriate sinus tachycardia has been described in hu- 
mans,” not associated with physiologic or pathologic 
conditions. 


EFFECT OF VAGAL MANEUVERS, DRUG INTERVENTIONS. Va- 
gal maneuvers may cause gradual slowing of the heart 
rate. In dogs that have sinus node tachycardia second- 
ary to severe pulmonary edema, cardiac tamponade, 
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or shock, heart rate is usually reduced after pharmaco- 
logic control or correction of the underlying problem. 


SINUS NODAL RE-ENTRANT TACHYCARDIA 


DEFINITION, ECG FEATURES, MECHANISMS. This rhythm is 
characterized by positive P waves in leads II, III, and 
aVF. Because this is a re-entrant tachyarrhythmia, the 
onset and offset are usually abrupt without a warm-up 
period.”! ** While re-entrant SVT that involves the sinus 
region is uncommon and questionable in humans,” ** 
its frequency in the dog is unknown. The large size of 
the canine sinus node” may provide greater likelihood 
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FIGURE 18-8 
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for its occurrence, particularly since it supports decre- 
mental conduction (increased conduction time with 
increasing prematurity of the stimulus)*! * and unidi- 
rectional block, which favor re-entry. 


EFFECT OF VAGAL MANEUVERS, DRUG INTERVENTIONS. The 
re-entrant loop involves the sinus node. Therefore, 
increases in vagal tone or drugs that affect these slow 
calcium channel cells (e.g., calcium channel blockers, 
B-blockers, digitalis glycosides, or adenosine) would 
abolish the arrhythmia.*" *? 


ECTOPIC ATRIAL TACHYCARDIA 


DEFINITION, ECG FEATURES, MECHANISMS. These arrhyth- 
mias originate from atrial myocardium. When the 
cause is abnormal automaticity** or triggered activ- 
ity,# the ECG is characterized by (1) P’-wave config- 
uration and polarity that vary with the location of 
ectopic origin, (2) gradual onset (however, an irregu- 
lar P’-P’ interval is common initially), and (3) gradual 
offset of tachycardia with prolongation of the P’-P’ 
interval (Fig. 18-9). A common SVT seen in the dog 
is one that also is characterized by a positive P wave in 
leads II, HI, and aVF, slight warm-up and cool-down of 


PP interval 
PR interval | 
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the P-P interval, and frequently, just before termina- 
tion of the tachycardia, an increase in the P-R interval. 
This rhythm most likely is an atrial tachycardia, al- 
though inappropriate sinus tachycardia cannot be ex- 
cluded.” 


EFFECT OF VAGAL MANEUVERS, DRUG INTERVENTIONS. Va- 
gal maneuvers or drugs that slow AV nodal conduction 
usually do not abolish ectopic atrial arrhythmias, but 
they can decrease the ventricular response rate (see 
Fig. 18-8). However, some automatic atrial tachycar- 
dias are influenced by autonomic tone and potentially 
can be terminated and prevented with B-adrenergic 
blocking drugs. The SVTs caused by abnormal automa- 
ticity are frequently difficult to control, even with class 
IA and class II drugs. Vagal maneuvers might abolish 
triggered atrial tachycardias by increasing parasympa- 
thetic tone. This activates the potassium channel Ikac 
which shortens the action potential in atrial myocytes, 
thereby decreasing the probability of triggered activity 
or re-entry. When triggered activity is the mechanism 
for SVT, calcium channel blockers may abolish the 
arrhythmia. The positive P’-wave SVT seen in dogs 
frequently responds to aggressive increases in vagal 
tone, B-adrenergic blockade, and calcium channel 
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Lead II ECGs showing ectopic atrial tachycardias characterized by (1) positive P’ waves, (2) gradual 
offset of tachycardia with prolongation of the P’-P’ interval, and (3) prolonged P’-R’ interval in the last 
few complexes of the tachycardia preceding termination. Paper speed 50 mm/sec, 1 mV = 1 cm. 
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FIGURE 18-10 


These ECGs recorded from a normal, healthy, 2-year-old Rhodesian ridgeback illustrate intermittent 
atrial fibrillation and flutter. (A), (B), and (C) were recorded within 5 minutes of each other. 
Intermittent coarse atrial fibrillation (A) and flutter (B) were present. The dog would spontancously 
convert to a sinus rhythm (C). Paper speed 50 mm/sec, 1 mV = 1 cm, lead II. (D) On a 24-hour 
Holter recording, spontaneous conversion of atrial flutter to sinus rhythm is captured. Treatment 
with flecainide decreased the frequency of the atrial fibrillation and flutter by 90%. Paper speed 25 


mm/sec, | mV = I cm, 


blockade. Drugs that increase the refractory period 
and slow conduction velocity in the atrial myocardium, 
such as procainamide, quinidine, propafenone, or ami- 
odarone, should have an antiarrhythmic effect. Ac- 
cordingly, these are usually chosen to treat ectopic 
atrial tachycardias when conversion, rather than con- 
trol of ventricular response rate, is the goal.?” 38 45. 46 


ATRIAL FLUTTER 


DEFINITION, ECG FEATURES. Sawtooth-shaped, rapid un- 
dulations (F waves) replace distinct P waves. Very rapid 


FIGURE 18-11 


atrial flutter can be a transition to atrial fibrillation, 
whereas slow atrial flutter may convert to a sinus 
rhythm. In dogs, atrial flutter is an unstable rhythm 
and can occur intermittently (Fig. 18-10). Flutter 
waves have a constant morphology, polarity, and cycle 
length that usually ranges from 300 to 600 beats/min. 


MECHANISMS. A macrore-entrant circuit usually travels 
around the caudal vena cava, crista terminalis, and 
cranial vena cava. *° The ventricular response with 
atrial flutter is usually rapid and irregular, unless 2:1 
conduction occurs. Flutter with 2:1 conduction may be 


Differentiating atrial flutter from other supraventricular rhythms can be difficult when 2:1 
conduction exists, as in the top and middle traces (R-R interval, 200 msec; F-F interval, 100 msec). A 
vagal maneuver slowed AV nodal conduction to 3:1 (beginning of the third tracing), which exposed 
the F waves and facilitated diagnosis. Paper speed 50 mm/sec, 1 mV = 1 cm, lead II. 


DIAGNOSIS AND MANAGEMENT OF CANINE ARRHYTHMIAS 343 


difficult to distinguish from other types of SVT because 
F waves cannot be identified. When the T wave is 
equally spaced between two R waves, atrial flutter 
should be suspected (Bix rule) (Fig. 18-11).*! 


EFFECT OF VAGAL MANEUVERS, DRUG INTERVENTIONS. Va- 
gal maneuvers and drugs that slow AV nodal conduc- 
tion do not abolish atrial flutter, but they can reduce 
the ventricular response rate. If conversion or preven- 
tion is the goal, drugs with class Ia antiarrhythmic 
properties have been used; however, drugs in class Ic 
(propafenone, flecainide) or class II (amiodarone) 
may be more effective.** ™ 


ATRIAL FIBRILLATION 


DEFINITION, ECG FEATURES. Atrial fibrillation (AF) is a 
common supraventricular tachyarrhythmia SVT.5+-57 


f f 
Intraatrial Pally 
1-2 


The fibrillation waves seen in dogs with cardiac disease 
are characterized by fine, irregular, baseline undula- 
tions. Distinct P waves are not present. Although as 
many as 700° atrial impulses/min arrive at the AV 
node, the ventricular response is almost always irregu- 
lar because only a few impulses traverse the entire AV 
node to reach the ventricles (Figs. 18-12, 18-13). 


MECHANISMS. Atrial fibrillation is a microre-entrant 
arrhythmia that has a number of predisposing factors. 
A brief description appears here: 


CRITICAL MASS. Atrial fibrillation requires a myocardial area 
of adequate size or critical mass. Large hearts fibrillate 
longer than small hearts.® Atrial fibrillation in dogs with 
cardiac disease is usually sustained because the atria are 
enlarged, although occasionally paroxysmal episodes occur. 
Some giant-breed dogs develop AF without demonstrable 
cardiac enlargement or pathology. 
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FIGURE 18-12 
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Electrophysiologic recordings from a dog with atrial fibrillation. A quadripolar catheter was 
positioned in the right atrium. The more distal poles of the catheter (1-2) show electrograms of the 
f-waves, which are more fragmented than those recorded between poles 3 and 4. The His 
electrogram shows a deflection for the depolarization of the bundle of His (H), confirming the 
supraventricular origin of the arrhythmia. The interval between f-waves varied between 120 and 80 
msec or 545 and 750 beats/min, yet the ventricular response varied between 800 and 300 msec or 80 
and 200 beats/min. V, ventricular depolarization; T, ventricular repolarization. Paper speed 100 


mm/sec. 
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FIGURE 18-13 


The ventricular response rate 
during atrial fibrillation depends 
on the integrity of the AV node, 
number of wavelets, degree of 
concealed conduction, and 
balance between sympathetic and 
parasympathetic tone. Paper 
speed 50 mm/sec (except (E) 
and (F), 25 mm/sec), 1 mV = 1 
cm. (A) Lead II from a 
Doberman pinscher with dilated 
cardiomyopathy (DCM). In 
addition to the rapid rate, notice 
the prominent Q waves and 
widened R wave that is not tall. 
These are characteristic of 
Doberman DCM. (B) Lead II 
from a 12-year-old mixed dog 
with severe tricuspid and mitral 
regurgitation. The QRS 
complexes are wide, reflecting 
left heart enlargement due to 
chronic mitral regurgitation. (C) 
Lead II from a 12-year-old 
Dachshund with mitral 
regurgitation. The rhythm is not 
as distinctly irregular as that in 
(B) and may even be confused 
with a sinus arrhythmia. In cases 
such as this it is important to 
examine all leads, including 
precordial leads, for P waves. (D) 
Lead II from a 7-year-old, anemic 
collie. Although atrial fibrillation 
is present, the slow ventricular 
response rate negates treatment 
to decrease AV nodal 
conduction, (E and F) Lead II 
from a golden retriever with 
subaortic stenosis, mitral 
regurgitation, and chronic atrial 
fibrillation. During a 
catheterization procedure the 
dog became extremely 
bradycardic, with periods of 
ventricular asystole lasting 5 
seconds (E) (f = fibrillation 
waves). Epinephrine was 
administered, and the ventricular 
response rate increased 
drastically (F), illustrating the 
effect of catecholamines on AV 
nodal conduction. When the rate 
is fast, the irregularity of the 
rhythm appears less. 
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AUTONOMIC INFLUENCE, Increased sympathetic or parasympa- 
thetic tone can provoke AF.®-®* Both shorten the refractory 
period, which can potentiate re-entry; vagal stimulation 
also causes unequal shortening of atrial refractoriness, which 
creates electrophysiologic heterogeneity.” Vagally induced 
AF can occur in dogs anesthetized with narcotics without 
premedication with vagolytic drugs. In dogs with diseases 
that may have simultaneous elevations in both parasympa- 
thetic and sympathetic tone (e.g., pain and stress of gastric 
torsion), the vulnerability to AF is increased. 


ATRIAL STRETCH. Volume overload stretches the atria, and 
this contributes to the ability to initiate and sustain AF;%* ° 
the effective refractory period is increased more in thin areas 
(versus thicker regions such as the pectinate muscles) and 
contributes to dispersion of refractoriness (greater heterogene- 
ity). This is important in re-entrant arrhythmias. 


NUMBER OF WAVELETS. One hypothesis for the mechanism of 
AF involves multiple re-entrant circuits (the multiple wavelet 
theory*”-”'), Recently, this theory has been challenged, and 
the hypothesis of a single source coupled with a changing 
wavefront has been proposed (José Jalife, 1998, personal 
communication). For AF to be perpetuated, a minimum of 
6 wavelets must be propagating at any one time.” The num- 
ber of wavelets that can exist in the atria and the propensity 
for AF are determined by both the size of the atria (critical 
mass) related to the size of the conduction block and the 
wavelength. The atrial refractory periods tend to increase 
with body size (e.g., rabbit: 70 msec;” horse: 200 msec’). 
As the size of the animal increases, so does the wavelength, 
and the most important determinant is the refractory pe- 
riod.” The longer the wavelength, the fewer the wavelets, 
and vice versa. Normal giant-breed dogs are at the threshold 
for maintaining AF with the minimum number of 6 wavelets. 
Both increased vagal”? and sympathetic tone shorten the 
wavelength and increase the likelihood for AF. In the dog, a 
wavelength of 8 cm is the critical length for the induction 
of AR” 

The number of wavelets may have a correlation to the 
surface ECG description of coarse and fine fibrillation 
(coarse AF is usually correlated with a more organized pat- 
tern of re-entry of the right atrium). This may relate to the 
ability to convert AF to a sinus rhythm.” 80-82 


ELECTRICAL REMODELING, Atrial fibrillation begets AF**** ow- 
ing to pathologic changes known as electrical remodeling. 
As a physiologic adaptation to the elevated heart rate, the 
atrial refractory period shortens by change in the composi- 
tion of ion channels responsible for repolarization. Once 
conversion of AF to sinus rhythm occurs, this electrical re- 
modeling does not instantly reverse, and a return of AF is 
more likely immediately following conyersion. 


PATHOLOGY. Structural and electrophysiologic changes in 
the atrial myocardium develop as a direct result of AF. Conse- 
quently, there is a temporal importance to converting AF 
when possible. Pathologic studies demonstrate degenerative 
atrial changes in long-term versus short-term AF. These 
changes may not be appreciated with routine histopathologic 
examination. However, transmission electron micrographs of 
atrial myocardium from dogs with AF demonstrate mitochon- 
drial swelling and a decreased density and organization of 
the cristae. These changes are characteristic of cytosolic cal- 
cium overload and are experimentally prevented with 
verapamil.*® *’ Other pathologic changes with long-standing 


AF include fibrosis, myocytolysis, cellular hypertrophy, and 
alterations in gap junctions.*® 


AV NODAL CONDUCTION. The ventricular response to AF de- 
pends on the number of wavelets and the integrity of the AV 
node. Only a portion of the electrical activity of the atria 
reaches the ventricle; however, the ventricular response rate 
is still excessive and can result in damage to the ventricular 
myocardium. Impulses enter the AV node, but many pene- 
trate only partially. This partial penetration results in varying 
degrees of AV nodal block. The mechanism for the AV 
nodal block is electrotonic inhibition and resulting concealed 
conduction. The pattern of successful penetration is random, 


although recent studies indicate some deterministic behav- 


ior.” 


EFFECT OF VAGAL MANEUVERS, DRUG INTERVENTIONS. 
Holter recordings from dogs with AF demonstrate in- 
creased ventricular rate with exercise and excitement, 
and decreased rate during sleep. Also, the ventricular 
rate slows with expiration and increases with inspira- 
tion. Depending on the individual baseline sympa- 
thetic tone, carotid sinus massage may decrease the 
ventricular response rate. Drugs that slow AV nodal 
conduction decrease the ventricular response rate, al- 
though combination drug therapy may be required. 
Treatment to convert the AF in selected cases may be 
accomplished with cardioversion or class Ia, class Ic, 
or class III antiarrhythmics. 


AV NODE DEPENDENT 
SUPRAVENTRICULAR TACHYCARDIAS 


AV NODAL RE-ENTRANT TACHYCARDIA 


DEFINITION, ECG FEATURES. The re-entrant circle is con- 
fined within the AV node.” Usually the P waves are not 
visible during the tachycardia because the retrograde 
depolarization of the atria is occurring at about the 
same time as the depolarization of the ventricles. If P 
waves are seen, they are most frequently negative in 
polarity in leads II, II, and aVF.°" *' Because this is a 
re-entrant tachycardia, it is paroxysmal, without a 
warm-up or gradual slow-down at the time of termina- 
tion. The R-R intervals are usually constant. 


MECHANISMS. The mechanism involves two different 
pathways in the AV node to conduct an impulse to the 
ventricle.” The slow (alpha) pathway conducts im- 
pulses slowly but has a shorter effective refractory pe- 
riod than the fast (beta) pathway, which conducts more 
rapidly (Fig. 18-14).*° 


With dual AV nodal physiology, AV conduction usually tra- 
verses the preferred fast pathway. However, if a premature 
supraventricular complex occurs, conduction travels down 
the slow pathway because it has the relatively shorter effective 
refractory period. This may be seen on the ECG as a pro- 
longed P-R interval at the beginning of the tachycardia. 
Because conduction is slow, the fast pathway has time to 
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AV nodal re-entrant tachycardia. (A) Diagram illustrating dual AV node physiology that can support 
AV nodal re-entrant tachycardia. A premature atrial complex enters the AV node during the time 
that the fast pathway is still refractory. This results in conduction to the ventricles in the slow 
pathway with the shorter refractory pathway, and in a prolonged P-R interval in the initiating 
complex of the tachycardia. Because the slow pathway can recover, it is able to re-excite when the 
depolarization returns after traveling retrograde up the fast pathway. The tachycardia most 
commonly propagates retrogradely (depolarization wave toward the atria) up the fast pathway and 
antegradely (depolarization toward the ventricle) down the slow pathway. Atypical AV nodal re-entry 
has a depolarization pathway that travels in the opposite direction. (B) ECG recorded from a boxer 
with typical AV nodal re-entrant tachycardia. P waves were not seen, and carotid sinus massage 
(initiated at the arrow) abruptly terminated the regular tachycardia suddenly without a gradual slowing. 
The resulting sinus rate is slow because of overdrive suppression of the sinus node, Paper speed 50 
mm/sec, | mV = 1 cm, lead II. 


recover and is no longer refractory; retrograde conduction 
can occur, which allows the impulse to re-enter the AV node 
repeatedly and retrogradely depolarize the atria causing 
tachycardia (Fig. 18-14). If the re-entry loop is antegrade 
(depolarization toward the ventricles) down the fast pathway 
and retrograde up the slow pathway, negative P waves with a 
short P-R interval are seen. The R-P interval is longer than 
the P-R interval in this type of tachycardia.” 


If the tachycardia terminates with a P wave, AV nodal 
re-entrant tachycardia can be suspected, although ter- 
mination can occur without the AV block. It is im- 
portant to note that typical AV nodal re-entrant tachy- 
cardia does not have visible P waves except for a single 
one at the termination of the tachycardia without QRS 
complexes. 


EFFECT OF VAGAL MANEUVERS, DRUG INTERVENTIONS. Va- 
gal maneuvers or drugs, such as calcium channel 


AUTOMATIC JUNCTIONAL TACHYCARDIA 


blockers, B-blockers, or digitalis that increase the re- 
fractory period and decrease conduction velocity in 
the AV node, can terminate the re-entrant arrhythmia. 


DEFINITION, ECG FEATURES, MECHANISMS. Automatic 
junctional tachycardia, also known as ectopic junc- 
tional tachycardia, originates from tissue in the AV 
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nodal area (see Fig. 18-6). Because of this focus of 
origin, the P waves in leads II, III, and aVF are negative 
and frequently hidden in the QRS-T complex. Al 
though the negative P waves may also follow or come 
just before the QRS complex, it is rare for junctional 
tachycardias to have negative P waves with a normal to 
long P-R interval. The latter is more likely to represent 
a coronary sinus rhythm (see Fig. 18-5) and is not of 
concern.” Automatic junctional tachycardias charac- 
teristically have a gradual onset and offset, and in the 
dog can be irregular and influenced by vagal tone. 


BYPASS TRACT-MEDIATED 
MACRORE-ENTRANT TACHYCARDIA 


A type of SVT that does not have a pathway confined 
above the ventricular tissue is bypass tract-mediated 
macrore-entrant tachycardia. This type of SVT in the 
dog is either uncommon or inadequately recognized, 
although a few reports have been made.**** Bypass 
tracts, or accessory pathways, are embryonic muscular 
remnants that allow conduction from the supraventric- 
ular tissues to the ventricular tissues without traversing 
the normal sequence of tissues in the AV node.” De- 
pending on the location and direction of conduction, 
pre-excitation may result in a short P-R interval and 
delta waves. Delta waves appear as notches in or slurring 
of the onset of the QRS complex and may cause the 
latter to prolong. The direction of the delta waves and 
the QRS complex depends on the location of the 
bypass tract. 


THERAPY 


ROLE OF TRIGGERS AND 
MODULATORS 


Arrhythmias are dependent upon a substrate, trig- 
ger, and modulating factors.” °? The substrate (disease) 
is the structural or physiologic abnormality that pro- 
vides the mechanism for the arrhythmia. The substrate 
for a re-entry arrhythmia might be a region of dam- 
aged tissue that allows slow conduction, whereas the 
substrate for a triggered arrhythmia might be an ab- 
normality in a specific potassium channel that allows 
the action potential duration to prolong. Although the 
substrate exists, it may not cause an arrhythmia unless 
conditions are suitable. 

The trigger is the event that causes the induction of 
the arrhythmia. The trigger for SVT might be a single 
premature complex or an abrupt change in heart rate 
that sets the conditions for arrhythmia conduction. 
Changes in heart rate might allow early afterdepolar- 


izations with bradycardias or delayed afterdepolariza- 
tions with tachycardias to be manifested.” 

In addition, modulating factors also determine 
whether the arrhythmia will develop. These include 
catecholamines, ischemia, electrolyte changes, or alter- 
ations in autonomic tone. That is, the substrate can 
exist, the trigger can occur, but the arrhythmia may 
not begin or perpetuate if the modulating factors are 
not conducive. Thus, even when a specific antiarrhyth- 
mic drug is used, the effect can be overridden under 
certain conditions. 


REASONS TO CONSIDER 
ANTIARRHYTHMIC THERAPY 


Clear standards for drug therapy are lacking. In 
general, supraventricular tachyarrhythmias are treated 
when the dog displays associated clinical signs, when 
the arrhythmia causes hemodynamic instability, or 
when the risk for the arrhythmia to degenerate into a 
fatal rhythm is high. 


CLINICAL SIGNS 


In humans with arrhythmias, complaints of palpita- 
tions, dizziness, lightheadedness, or pain are re- 
ported.’” In dogs, we are not aware of consequences 
of an arrhythmia unless syncope, weakness, or dyspnea 
is manifested. Detection of an arrhythmia before clini- 
cal signs develop depends on careful physical examina- 
tion and ECG documentation. Dogs with SVT that 
have structural and functional cardiac disease will have 
more severe signs than those with a primary arrhyth- 
mia or minimal cardiac pathology. 


HEMODYNAMIC COMPROMISE 


Occasional premature supraventricular complexes 
or short bursts of SVT are not of clinical importance, 
but sustained SVT can have detrimental consequences. 
The hemodynamic effects depend on underlying dis- 
ease, ventricular rate, and whether the dog is at rest or 
exercising. Sustained SVT will have more devastating 
results than nonsustained runs that last less than 8 to 
10 seconds. Rapid ventricular rates associated with SVT 
reduce cardiac output, systemic blood pressure, and 
coronary artery perfusion. Coronary blood flow is re- 
duced because of the shortened diastolic interval and 
the lower aortic perfusion pressure.'” 

Chronic, excessive elevation in the ventricular rate 
can result in myocardial failure known as tachycardio- 
myopathy.'*' Myocardial failure in the dog will result if 
the ventricular rate is maintained at 250 beats/min 
for 3 to 4 weeks." 1° Such high heart rates cause 
biventricular enlargement and complex anatomic 
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changes, in addition to electrophysiologic alterations 
(i.e., reduced resting membrane potential). If the ele- 
vated heart rate is controlled in a relatively short time 
(few weeks), the myocardial failure is reversible. Car- 
diac output is reduced in specific SVT rhythms like AF 
that do not have sequential atrial and ventricular sys- 
tole. In AF, the loss of atrial systole (atrial kick) reduces 
stroke volume approximately 20% at rest but less dur- 
ing exercise. ^17 


RISK OF SUDDEN DEATH 


Supraventricular tachycardia with rapid ventricular 
rates can cause hypotension, collapse, and death. How- 
ever, the death may not be as sudden as that which 
results from degeneration of a ventricular tachyar- 
rhythmia into ventricular fibrillation or ventricular 
asystole. Rapid SVTs may increase the liability to ven- 
tricular arrhythmias because of the associated increases 
in circulating catecholamines and myocardial ische- 
mia. Moreover, long-standing SVT can lead to myocar- 
dial failure, which then leads to death. 


GOALS AND CRITERIA FOR 
SUCCESSFUL THERAPY 


Treatment goals include correction of underlying 
disease (ideal but often not possible); return of hemo- 
dynamic stability; conversion of the arrhythmia; or con- 
trol of ventricular response rate. However, biochemical 
alterations (hypokalemia, azotemia, acidosis, hypoxia) 
can be corrected and will improve the potential antiar- 
rhythmic effects of drugs. Diminution of clinical signs 
with a return of hemodynamic stability can be achieved 
with conversion of the SVT to a sinus rhythm, decreas- 
ing the ventricular rate, or preventing recurrence. 

The desired (target) ventricular heart rate will vary 
with the size of the dog and the underlying cardiac 
disease. The heart rate taken at the veterinary hospital 
is generally higher than that recorded at home. As a 
general guideline, the desired target ventricular rate 
recorded in the veterinary office is approximately 100 
to 140 beats/min. The heart rate at home will vary 
with activity level; at rest, rates as low as 60 beats/min 
may be recorded. 

With intermittent SVT, therapeutic goals are to de- 
crease the frequency of arrhythmia recurrence and to 
control the ventricular response rate during episodes 
of arrhythmias. Ascertaining treatment response may 
be difficult unless clinical signs are obvious and corre- 
late with the recorded tachyarrhythmia, or unless re- 
peated Holter recordings are performed. 


SELECTION OF ANTIARRHYTHMIC DRUG 


Supraventricular tachyarrhythmias may be divided 
into groups based on mechanism of arrhythmia. Al- 


though the specific mechanism may not be known, 
the arrhythmia can usually be grouped into a general 
category that will assist treatment strategy. Categoriza- 
tion is based on ECG characteristics and response of 
the rhythm to either vagal maneuvers or drug trials 
(described earlier). Ventricular rates greater than 250 
beats/min should be considered critical and usually 
require aggressive IV drug therapy, with the primary 
goal of decreasing the ventricular heart rate. Specific 
treatment for sinus tachycardia is not discussed since 
therapy for the underlying disease usually controls 
the rate. 


THERAPY OF SPECIFIC ARRHYTHMIAS 


AV NODE INDEPENDENT (EXCLUDING 
SINOATRIAL NODE RE-ENTRY TACHYCARDIA) 


Frequently, AV node independent tachycardias are 
more difficult to convert to sinus rhythm than those 
due to AV nodal re-entry;™®"® 8 therefore, the goal is 
usually to control the ventricular response rate (Figs. 
18-8, 18-15). Treatment with digoxin, calcium chan- 
nel blockers,'**"!"* or B-adrenergic blockers!’ is usually 
selected. 


Acute (Intravenous) Antiarrhythmic Drug 
Therapy 


Carotid sinus massage should always be attempted 
initially, and after each drug intervention. The two 
most commonly used calcium channel blockers are 
diltiazem and verapamil, 199114 

Diltiazem has been used most commonly (0.1 to 0.3 
mg/kg), administered in IV boluses of 0.05 to 0.2 mg/ 
kg every 5 minutes to effect (Fig. 18-15). Verapamil 
has been used by some clinicians''® (0.05 to 0.15 mg/ 
kg), administered in 0.05-mg/kg boluses spaced 5 
minutes apart. Calcium channel blockers have a use- 
dependent action on AV nodal conduction that leads 
to greater therapeutic effects at faster heart rates."” 
Clinical differences between verapamil and diltiazem 
are minimal, although diltiazem may exert a less nega- 
tive inotropic effect!!*’”° and have less interaction with 
digoxin.” It can be given as an infusion after bolus 
injection (5 to 15 mg/kg/hr).'4 

Beta-adrenergic blockers can be used initially or if 
there is inadequate control of heart rate after calcium 
channel blocker administration.!*4* Esmolol is an effec- 
tive, ultrashort-acting B-adrenergic blocker. It is dosed 
at 0.1 to 0.5 mg/kg/min for 1 minute, followed by 
a maintenance infusion of 0.05 to 0.2 mg/kg/min. 
Alternatively, propranolol boluses can be administered 
(0.02 to 0.05 mg/kg IV) in 2-minute increments until 
the ventricular rate is controlled. Occasionally, healthy 
dogs with normal myocardial contractility may require 
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FIGURE 18-15 


Lead II ECGs from a mixed-breed dog. Paper speed 50 mm/sec, 1 
mV = l cm. (A) Initial recording reveals supraventricular 
tachycardia with 1:1 AV nodal conduction and heart rate of 330 
beats/min, The P waves (P) are hidden in the T waves, but some 
irregularity in the ST segment suggests their presence. (B-E) 
Excerpts from a continuous ECG recorded over a 10-minute 
period. (B) Approximately 1.5 minutes after administration of 0.2 
mg/kg of diltiazem (IV bolus), the P-P interval remains at 180 
msec, but AV nodal conduction decreased to 2:1. (C and D) The 
same 2:] conduction is present, but there is a progressive increase 
in the P-R interval. The P waves (P) are relatively obscured within 
the R waves. (E) Advanced AV nodal block has developed as 
evidenced by numerous nonconducted P waves. This dog was later 
treated successfully with oral diltiazem. 


much higher doses to control heart rate, particularly 
when B-blockers are used as monotherapy. Accord- 
ingly, boluses of 0.1 to 0.3 mg/kg have been well 
tolerated in many cases. However, care should be taken 
when administering B-blockers to animals with poor 
contractility or hypotension. In these cases, esmolol is 
advantageous because of its short elimination half-life 


(9 minutes) compared with propranolol.'™ However, 
propranolol is currently inexpensive compared with 
esmolol, and studies in humans have shown that it 
produces less hypotension. 

When dogs with SVT do not adequately respond to 
monotherapy using upwardly titrated doses of calcium 
channel or B-adrenergic blockers, they may be com- 
bined. Low doses of the second agent may be carefully 
administered (Fig. 18-16).!*° As a third-line drug for 
refractory SVT, edrophonium chloride, an anticholin- 
esterase agent, may be judiciously administered as a 
slow IV bolus (0.05 to 0.1 mg/kg) (Fig. 18-17). Edro- 
phonium can cause nicotinic and muscarinic side ef 
fects (vomiting, muscle twitching). In addition, phen- 
ylephrine, given at 0.005 to 0.01 mg/kg IV, can slow 
AV nodal conduction of SVT. Phenylephrine is an a,- 
adrenergic agonist that causes arterial vasoconstriction 
and resultant systemic hypertension. This increased 
pressure will reflexly, via baroreceptor stimulation, in- 
crease vagal tone, slow AV nodal conduction, and re- 
duce the ventricular response rate. 

Although IV digoxin has historically been used to 
treat SVT, its acute benefit is limited because the onset 
of action is slow,'!* 7 and occasional ST segment de- 
pression is seen after treatment.'* The primary effect 
of digoxin is a central and peripheral enhancement of 
vagal tone;'”? thus, with a high sympathetic tone in a 
distressed animal, other or additional therapy (calcium 
channel or B-adrenergic blockade) may be advanta- 
geous. Digoxin does have a parasympathomimetic ef- 
fect when administered orally, but IV administration 
increases central sympathetic outflow. 

Adenosine is used in humans to diagnose and 
acutely treat SVT, primarily because of its effect on the 
AV node (attenuation of the inward calcium cur- 
rent).'*° Diagnostically, if the SVT continues after aden- 
osine administration but the ventricular response rate 
slows, AV nodal re-entry is unlikely and AV nodal inde- 
pendent SVT is probably present. Triggered atrial 
tachycardia can be abolished with adenosine, perhaps 
because of its abbreviation of the action potential 
caused by activation of outward potassium current in 
atrial tissue. Its short half-life (less than 10 sec- 
onds!*° 131), limits adverse side effects. Although adeno- 
sine has been studied extensively in the dog,'?=* the 
need to deliver it extremely rapidly through a large 
vein, and its high cost, have curbed its use. 


Chronic (Oral) Antiarrhythmic Drug Therapy 


Acute therapy may be followed by chronic oral drug 
administration in some cases to (1) slow AV nodal 
conduction when treating AV node independent SVT, 
or (2) convert AV nodal re-entrant SVT to sinus 
rhythm. These agents include diltiazem (1 to 3 mg/kg 
tid); verapamil (1 to 3 mg/kg tid); atenolol (0.5 to 1 
mg/kg sid to bid); propranolol (0.3 to 1.5 mg/kg tid); 
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A. Pretreatment 


B. Treatment 


FIGURE 18-16 


ECG from a 6-month-old 
Labrador retriever that was found 
moribund after being unloaded 
from an airplane. Paper speed 50 
mm/sec, 1 mV = 1 cm, lead II. 
(A) The heart rate was initially 
300 beats/min and P waves were 
not visible. Neither vagal 
maneuvers nor shock therapy 
improved the ECG. (B) 
Propranolol was administered 
(0.1 mg/kg IV) with minimal 
effect on heart rate. Electrical 
alternans developed coincident 
with this therapy. (C) Verapamil 


and digoxin (0.005 to 0.01 mg/kg bid). These drugs 
may occasionally convert the arrhythmia to sinus 
rhythm, but other agents have been used for the spe- 
cific goal of conversion or prevention of AV node 
independent SVT. These include procainamide (10 to 
20 mg/kg tid to qid); quinidine (10 to 20 mg/kg tid 
to qid); propafenone (3 to 4 mg/kg tid); flecainide (1 
to 5 mg/kg bid to tid); sotalol (0.5 to 2 mg/kg bid to 
tid); or amiodarone (loading dose 10 mg/kg for 7 
days, then 5 mg/kg q 24 to 48 hr). 

The efficacy of chronic oral medication is sometimes 
suboptimal for several reasons. An oral formulation 
may not have comparable efficacy to IV preparations 
and adjustments may be needed.” Lack of response 
may be due to inadequate dosage, or combination 
drug therapy may be required.” The use of calcium 
channel blockers and B-adrenergic blockers, or di- 


was administered (0.02 mg/kg 
IV), which abruptly terminated 
the tachycardia. Sinus rhythm 
was resumed and no further 
treatment was needed. 


goxin plus either of these two agents, may provide 
better antiarrhythmic control in some cases. The dos- 
age of each drug is usually decreased to reduce unto- 
ward effects when combination therapy is used. Long- 
acting or sustained-release preparations can sometimes 
be beneficial when treatment compliance is an issue. 
As a general rule, the same total dose (mg/kg) that 
would be given in a 24-hour period (e.g., 2 mg/kg tid) 
is applied to the sustained-release formulation when 
administered once daily (e.g., 6 mg/kg/day). 

Ectopic atrial tachycardias may occasionally be con- 
verted to sinus rhythm or controlled with class Ia, class 
Ic, or class III drugs (see chapter 17, Table 17-2). 
The latter two classes are considered more effective.’* 
Some class Ic and class IH drugs also affect AV nodal 
conduction owing to their B-adrenergic blocking prop- 
erties. Currently, the most effective drugs used for 
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FIGURE 18-17 


ECG from a dog with 

supraventricular tachycardia. 

Paper speed 50 mm/sec, 1 mV 

= ] cm, lead H. (A) Initial ECG 
reveals rapid, narrow, and 

regular supraventricular 

tachycardia. (B) Treatment with lI 
edrophonium (0.15 mg/kg IV) 

quickly terminated the 

tachycardia, but premature 
extrasystoles persisted. (C) Long- 

term treatment with propafenone 

(4 mg/kg IV) successfully 

suppressed the supraventricular 
tachycardia. Initially, treatment 

with diltiazem and atenolol were 

tried but were ineffectual as 
monotherapy or in combination. Ii 


B. Treatment 


C. Treatment 


ectopic atrial tachycardias in humans are propafenone, 
flecainide, sotalol, and amiodarone.'** Ectopic junc- 
tional tachycardias have been somewhat effectively 
treated with amiodarone.'* Unfortunately, clinical 
studies evaluating the effectiveness of these agents are 
lacking in dogs. 


ADVERSE EFFECTS. Excessive bradycardia may occur 
with calcium channel or -adrenergic blockade be- 
cause of the effect on the sinus or AV node. These 
drugs may also cause hypotension, particularly when 


Edrophonium 0.15mg/kg IV 


Propafenone 4mg/kg IV 


$ 


administered IV (Fig. 18-18). If severe bradycardia 
results in hypotension, cardiovascular support may re- 
quire IV fluids: atropine (0.02 to 0.04 mg/kg tid to 
qid, IV, IM, or SC) or glycopyrrolate (0.005 to 0.01 
mg/kg IV, IM, or SC), or isoproterenol (0.04 to 0.08 
ug/kg/min IV or to effect). 

Cessation of chronic B-blocker therapy should be 
gradual. Sudden withdrawal may result in catechola- 
mine sensitivity because of drug-related increase in B- 
adrenergic receptors and up-regulation associated with 
B-adrenergic blockade.'* '*° Calcium channel blockers 


FIGURE 18-18 


Arterial blood pressure recorded during IV bolus administration of diltiazem (0.2 mg/kg). The 
hypotensive effect of calcium channel blockade is evident as the blood pressure drops from 130/80 
mmHg to 85/45 mmHg. This effect can be more profound with verapamil. Thus, to avoid 
hypotension, calcium channel blockers should be administered IV slowly. 
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and, particularly, B-adrenergic blockers may cause 
dose-related negative inotropic effects, which should 
be considered in animals with myocardial failure. 
Digoxin toxicity most commonly causes depression, 
anorexia, and diarrhea, although ECG evidence of 
prolonged AV nodal conduction (P-R interval prolon- 
gation) or arrhythmias can also occur. If digoxin toxic- 
ity is suspected, the drug should be stopped for at least 
48 hours; if continued treatment is needed, the dose is 
empirically reduced by half. Determination of digoxin 
serum levels (drawn 8 to 12 hours after administra- 
tion) is required to confirm toxicity and adjust dosage. 


ATRIAL FLUTTER AND ATRIAL FIBRILLATION 


Atrial fibrillation is usually a chronic, permanent 
canine arrhythmia associated with severe atrial dilation 
due to dilated cardiomyopathy or volume overload 
(e.g., mitral regurgitation, uncorrected patent ductus 
arteriosus). Occasionally, acute onset of AF or paroxys- 
mal (intermittent) AF is detected. In the former, one 
looks to control the ventricular response rate, while in 
the latter, the goal is conversion to a sinus rhythm or 
prevention of episodic AF. Atrial flutter usually pro- 
gresses to AF, and principles of therapy are similar. 


Control of Ventricular Response Rate 


CLINICAL EVALUATION. In most dogs with AF, conver- 
sion to sinus rhythm is not an obtainable goal. The 
ventricular rate will vary from 120 to 320 beats/min 
depending on the type of AF and concealed conduc- 
tion, the integrity of the AV node, and the level of 
autonomic tone. Heart rate reduction to a single opti- 
mal level cannot be universally stated when treating 
atrial fibrillation, and it varies with each animal. Ide- 
ally, a 24-hour Holter recording will give the clearest 
appreciation of heart rate and rhythm during rest and 
activity. Clients can often be trained to monitor and 
record heart rates at home, and evaluation of heart 
rate under specific circumstances can be helpful, in- 
cluding (1) in-hospital auscultated resting rate, (2) in- 
hospital auscultated rate following minimal exercise, 
and (3) heart rate from a lead II ECG rhythm strip. 
Adequate heart rate control may occur over a range of 
80 beats/min during rest and 150 beats/min during 
exercise for a large-breed dog. When slower ventricular 
heart rates are present (<100 beats/min), there is no 
need to reduce the ventricular heart rate further. 


ACUTE THERAPY. The drugs and principles discussed 
for the short-term treatment of other SVT rhythms 
apply to the treatment of atrial flutter and AF. Digoxin 
is usually not used IV when rapid control of tachycar- 
dia is required. Instead, calcium channel blockers, 8- 
adrenergic blockers, or both represent the first choice 
for IV therapy (Fig. 18-19). 


CHRONIC (ORAL) THERAPY, DIGOXIN ALONE. The first 
choice to control heart rate in dogs with atrial flutter 
or AF has traditionally been digoxin (Fig. 18-20). Di- 
goxin decreases the ventricular response (rate) by its 
indirect vagal effects," and by its actions to abbrevi- 
ate atrial myocardial action potential duration and 
refractory period.” "° The latter allows more wavelets 
to bombard the AV node, resulting in greater con- 
cealed conduction with fewer transmitted impulses 
reaching the ventricle.” 1° Although digoxin can ef- 
fectively control the heart rate in many dogs, this con- 
trol is neither universal nor optimal during exercise, 
stress, or excitement.” =!" Heightened sympathetic 
tone during these periods results in excessive heart 
rate (see Fig. 18-13). Additional treatment with B- 
adrenergic blockers or calcium channel blockers is 
often necessary. 


CHRONIC (ORAL) THERAPY, COMBINATION DRUGS WITH DI- 
GOXIN. Because most dogs with AF have some degree 
of myocardial failure, treatment with digoxin serves a 
dual role. Although digoxin has previously been used 
alone, it is usually more effective when combined with 
either a B-adrenergic blocker (e.g., atenolol, proprano- 
lol, metoprolol) or a calcium channel blocker (e.g., 
diltiazem), both of which increase the AV node refrac- 
tory period. In humans, better results were 
achieved when digoxin was combined with calcium 
channel blockers than with B-adrenergic blockers,!-' 
In the management of AF, serum digoxin levels should 
be determined approximately 7 to 10 days after initia- 
tion of therapy; blood is sampled 8 to 12 hours after 
digoxin administration. 


Conversion of Tachyarrhythmia and Prevention 
of Initiation 


APPLIED ELECTROPHYSIOLOGIC PRINCIPLES. The multiple 
wavelet theory of AF has direct bearing on treatment to 
convert the arrhythmia or to control the ventricular re- 
sponse. Drugs may either increase (digitalis) or decrease 
(quinidine, procainamide, flecainide, propafenone, sotalol, 
amiodarone)” the number of wavelets; this frequently deter- 
mines whether the drug stabilizes or converts the AF, respec- 
tively. Drugs that stabilize the AF may actually decrease the 
ventricular response (e.g., digoxin), whereas drugs that even- 
tually convert the AF may initially increase the ventricular 
response (e.g., quinidine). The most reliable determinant of 
the effect of a drug on the number of wavelets is its effect 
on the wavelength. Other factors are important in the poten- 
tial of a drug to act as an antifibrillatory agent. For example, 
sotalol markedly increases the wavelength and decreases the 
number of wavelets, but its antifibrillatory action is disap- 
pointing because of reverse use-dependency.” '* This refers to 
decreased antiarrhythmic action with faster heart rates (i.e., 
when antiarrhythmic efficacy is needed the most). The faster 
the heart rate, the less antifibrillatory action because of a 
reduced lengthening of the action potential.” '°-'°? This 
reverse use-dependence is not true for all class III antiar- 
rhythmics. Amiodarone is effective over a wide range of 
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FIGURE 18-19 


ECG from a dog with atrial flutter. Paper speed 50 mm/sec, 1 mV = 1 cm, lead II. (Top) Initial ECG 
revealed a rapid heart rate (280 beats/min). Treatment with diltiazem (0.1 mg/kg IV) did not alter 
the heart rate. The decision was then either to increase the dose of diltiazem and repeat the bolus 
or administer a B-adrenergic blocker. Propranolol was given. (Bottom) The ventricular response rate 
slowed shortly after administering a propranolol bolus. Caution should always be used when 
combining drugs that affect AV nodal conduction. The lowest effective dose should be tried first and 
the amount gradually increased as needed. Flutter (F) waves are apparent. Slowing of the AV nodal 
conduction (and AV block) was so pronounced that a ventricular escape complex was initiated 
(arrow). 


A. Pretreatment 


FIGURE 18-20 


Lead II ECG from a boxer with 
dilated cardiomyopathy and atrial 
fibrillation. Paper speed 50 mm/ 
sec, 1 mV = 1 cm. (A) Initial 
ECG reveals atrial fibrillation and 
left ventricular enlargement 
pattern. The ventricular response 
rate was rapid at 200 beats/min. 
(B) Control of heart rate was : . 
achieved with digoxin alone. This B. Treatment Digoxin 0.25 mg am, 0.125 mg pm 
ECG reveals a heart rate of only | | | ry a nag eae © a Tail iets: 
50 beats/min, slower than 
desired. Serum digoxin 
concentration was normal, a 24 
hour Holter recording revealed 
acceptable heart rates, and the 
dog did well clinically. 
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heart rates in the treatment of AF. !** ! The mechanisms are 
not clear. 

Although reduction in wavelet numbers is a major mecha- 
nism for drug action to abolish AF, drugs that can enlarge 
the excitable gap (area of recovered and excitable myocar- 
dium) in this re-entrant arrhythmia also have an important 
therapeutic impact. Class Ia and class Ic antiarrhythmic 
agents (see chapter 17, Table 17-2) can be expected to 
enlarge the excitable gap during AF by slowing conduction 
velocity. !"% 170 This abolishes the re-entrant circuit and ar- 
rhythmia. 


THERAPY FOR CONVERTING TACHYARRHYTHMIA. In hu- 
mans and horses, conversion of AF is more common 
than in the dog. Most dogs with AF have enlarged atria 
and cardiac pathology. Occasionally, AF can develop 
in dogs without cardiomegaly (e.g., gastric torsion) or 
in apparently normal giant-breed dogs (see previous 
discussion). Interventions may be required if hemody- 
namic compromise develops or it is feared that the 
acute, sustained AF may become permanent. The 
longer AF persists, the less likely that conversion will 
occur'’”' and the more likely that myocardial failure 
will result. 

Quinidine has been the initial choice when conver- 
sion of AF is sought.'” Quinidine can cause an in- 
creased ventricular response rate both because of its 
vagolytic effects and the decrease in concealed conduc- 
tion into the AV node as the number of wavelets is 
decreased. As the AF becomes more organized, the 
ventricular response rate increases. Therefore, quini- 
dine may need to be combined cautiously with drugs 
that slow AV nodal conduction, such as digoxin. Cal- 
cium channel blockers may be preferable to digoxin 
because of their salutary effect on atrial myocardial 
pathology, which develops as a result of AF.®® * B- 
adrenergic blockers increased the effectiveness of 
quinidine in converting AF in one human study,'* 

Data from human trials suggest that some of the 
class Ic antiarrhythmics may be more effective than 
quinidine. Flecainide and propafenone have been 
used for conversion and prevention of AF, 174" but 
effectiveness in dogs is unknown. In experimental ca- 
nine studies, flecainide (1 to 5 mg/kg PO bid to tid) 
was most effective in AF potentiated by excessive vagal 
tone.” %9. 1° In humans, flecainide'”” was potentially 
effective for treating nonchronic AF in the absence of 
structural heart disease.'” ' Whether this application 
may apply to specific situations in dogs (i.e., AF in 
giant breeds) is not known. Very limited experience in 
dogs with paroxysmal AF treated with flecainide 
yielded a favorable response without side effects. Given 
the vagolytic properties of flecainide, it may be more 
beneficial when combined with a B-adrenergic blocker 
in diseased hearts.'* 

In contrast to flecainide, propafenone (3 to 4 mg/ 
kg PO, tid) is a more effective treatment in sympathetic 
potentiated AF.” Moreover, propafenone combined 


with digoxin has been shown in humans to be effec- 
tive 18! 

Class III drugs (see chapter 17, Table 17-2) have 
been used to convert and prevent AF. However, studies 
with experimentally induced AF in the dog have shown 
that the ability of sotalol to terminate AF is handi- 
capped because of reverse use-dependence.” Nonethe- 
less, it still may be successful in the prevention of AF 
before the heart rate has the opportunity to acceler- 
ate.” Amiodarone has been effective in the conversion 
of AF, but reversion to sinus rhythm may take 
weeks;'* 1% this agent has been proposed as the most 
promising of the antiarrhythmic drugs for suppressing 
recurrent AF'** '* Recent studies of ibutilide (dose in 
humans, 0.005 to 0.025 mg/kg IV) have shown this 
class III drug to be effective in cardioversion when 
administered IV in acute AF, and with fewer side effects 
than other drugs. Ibutilide prolongs the action po- 
tential differently than the better-known sotalol and 
amiodarone. Whereas the latter prolong repolarization 
by blocking potassium channels, ibutilide increases the 
plateau phase by enhancing the slow inward depolariz- 
ing Nat current.!*” 


TEMPORARY ATRIAL FIBRILLATION 


Although AF tends to be chronic and sustained in 
the dog, it is temporary and self-limiting in some cases 
(e.g., when dogs are anesthetized with narcotics such 
as fentanyl citrate without pretreatment with an anti- 
cholinergic, they can spontaneously develop transient 
AF). Enhanced vagal tone shortens the atrial refractory 
period and increases the dispersion of refractoriness, 
both of which facilitate AF. 


AV NODE DEPENDENT (INCLUDING 
SINOATRIAL RE-ENTRY) TACHYCARDIA 


Sinus nodal and AV nodal re-entrant tachycardias 
can potentially be converted to sinus rhythm with 
drugs that affect the slow calcium channels, such as 
calcium channel blockers or B-adrenergic blockers. In 
humans with AV nodal re-entrant tachycardia, radiofre- 
quency ablation of the slow pathway is the preferred 
treatment.'**'® At this time, antiarrhythmics represent 
the usual therapy in dogs. 


Control of Ventricular Rate and Conversion of 
Arrhythmia 


The AV nodal tissue is sensitive to autonomic influ- 
ences. Therefore, physiologic maneuvers (see Fig. 
18-7) and drugs that increase parasympathetic or de- 
crease sympathetic tone will potentially stop re-entrant 
conduction. Digoxin or B-adrenergic blocking agents 
can be used to terminate or prevent the arrhythmia. 


DIAGNOSIS AND MANAGEMENT OF CANINE ARRHYTHMIAS 355 


Agents that act directly to slow conduction in the slow 
pathway of the AV node, such as calcium channel 
blockers, will have similar antiarrhythmic effects. For 
acute therapy, the same principles discussed under the 
treatment of atrial tachycardias are true. Because the 
re-entrant loop can potentially be blocked in the fast 
pathway, class Ia, class Ic, and class III drugs (see Table 
17-2) that slow conduction in fast channel cardiac 
muscle cells may also have antiarrhythmic benefit in 
AV nodal re-entrant tachycardia.” !42. 178, 19-192 Studies 
in humans have shown similar benefits when verapamil 
(class IV) and flecainide (class Ic) were compared.'* 
In addition, propafenone, which differs from other 
class Ic drugs because of its additional class II (approxi- 
mately 1/40th the B-adrenergic blocking potency of 
propranolol)!” and class IV actions, is regarded as an 
effective antiarrhythmic. 


SELECTED CANINE CARDIAC DISEASES 
WITH ARRHYTHMIAS 


BYPASS TRACT MACRORE-ENTRANT 
TACHYCARDIA IN LABRADOR RETRIEVERS 


Orthodromic (conduction through the AV node and 
retrograde back to the atrium via a bypass tract) recip- 
rocating tachycardia has been identified in Labrador 
retrievers.” In one study, a bypass tract was identified 
as an atrioventricular posteroseptal accessory path- 
way.!™ It conducted only in the retrograde direction, 
representing a concealed accessory pathway that did 
not display as a pre-excitation on the ECG during sinus 
rhythm. The rapid rate of the SVT induced episodes 
of acute pulmonary edema. 

Labrador retrievers also have a higher incidence 
of tricuspid dysplasia/Ebstein’s anomaly.'* The septal 
leaflet of the tricuspid valve is adhered to the interven- 
tricular septum. In humans, bypass tracts are fre- 
quently associated with Ebstein’s anomaly.*” The poste- 
rior and septal leaflets of the tricuspid valve are the 
last to develop in the fetus. Arrested tricuspid valve 
development results in remnants of muscular or spe- 
cialized tissue connections (the subsequent bypass 
tracts) across the AV groove. In humans, the treatment 
of choice is radiofrequency ablation of the bypass tract, 
a technique that is of limited availability to veterinary 
medicine. 


TACHYCARDIA ASSOCIATED WITH SICK SINUS 
SYNDROME IN MINIATURE SCHNAUZERS 


Sick sinus syndrome (SSS) represents a disorder in 
which cardiac conducting tissues are diffusely affected. 
It is characterized by syncope—typically in middle-aged 


to older, female miniature schnauzers and occasionally, 
other breeds (West Highland white terrier, aged dachs- 
hunds). The cause for syncope is frequently severe 
bradycardia or abrupt sinus arrest (see discussion un- 
der Bradyarrhythmias). However, some dogs also have 
episodes of nonsinus SVT that follow a long pause as 
an escape tachycardia (bradycardia-tachycardia syndrome) 
or they may precede a long pause (tachycardia-bradycar- 
dia syndrome). The mechanism for SVT is believed to 
be abnormal atrial automaticity. Dogs with SSS are 
treated with pacemaker implantation to control the 
bradycardia (chapter 20). It is not recommended that 
the SVT be treated without pacemaker implantation 
because of the risk of exacerbating the bradycardia. 


VENTRICULAR 
TACHYARRHYTHMIAS 


EMERGING ROLE OF MECHANISMS IN 
TREATMENT DECISIONS 


CLASSIFICATION OF ARRHYTHMIAS BY 
MECHANISM 


When the mechanism of an arrhythmia is known 
(chapter 16)!%° or suspected, antiarrhythmic drugs may 
be more rationally selected.” Not all antiarrhyth- 
mic therapy is efficacious or even safe, and certain 
agents may increase mortality." Knowledge of 
mechanisms is limited for spontaneous canine arrhyth- 
mias; new approaches to drug classification may be- 
come useful when clinical data are accumulated. For 
example, the Singh-Vaughan Williams antiarrhythmic 
drug classification*’*” was reorganized with the aim 
of categorizing antiarrhythmic drugs based on their 
means of abolishing the underlying mechanism of VT. 
Referred to as the “Sicilian Gambit,’’*® *7 this scheme 
emphasized how drugs affect ionic currents, receptors, 
and pumps and the vulnerable parameter that would 
permit them to abolish the arrhythmia.” Other pro- 
posed classifications of antiarrhythmic drugs consider 
not only the drugs’ action on a particular channel but 
also the pharmacokinetics** or the underlying heart 
disease.” The kinetics can have important implica- 
tions with regard to the antiarrhythmic and proar- 
rhythmic effects of each drug. These still require clini- 
cal study in dogs. 


ROLE OF TRIGGERS AND MODULATORS 


The autonomic nervous system plays an important 
role in arrhythmogenesis and the efficacy of drugs. 
Some of the more salient relationships are described 
here: 
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FIGURE 18-21 


Continuous Holter recording from a boxer with syncope associated with excitement and exercise. 
(A) Sinus arrhythmia. (B) During excitement and exercise, the sinus heart rate accelerated. (C) 
Shortly after onset of the increased sinus heart rate, ventricular arrhythmias developed, including 
paroxysms of ventricular tachycardia (VT). Syncope occurred when runs of VT lasted more than 8 
seconds. Mexiletine alone was ineffective, but treatment with atenolol and mexiletine suppressed 
more than 90% of the ventricular arrhythmias and abolished the syncope. The VT identified in 
boxers is frequently associated with the increased heart rate (exercise and excitement). 


EFFECTS ON THE VENTRICULAR MYOCARDIUM. The auto- 
nomic nervous system plays a pivotal role in the initiation, 
characteristics, and perpetuation of most arrhythmias (Fig. 
18-21). 21921? Elevations in cardiac sympathetic activity have 
been documented in sustained ventricular arrhythmias.?"* 
The sympathetic nervous system can potentiate arrhythmias 
caused by re-entry, automaticity, and triggered activity.”™ 
Sympathetic stimulation of the Na/K pump hyperpolarizes 
the membrane, which allows more availability of Na* chan- 
nels. This increases conduction velocity, which under certain 
circumstances may increase the propensity for re-entrant 
arrhythmias. Moreover, catecholamines shorten repolariza- 
tion and the effective refractory period. This can favor re- 
entrant arrhythmias by allowing more dispersion of refracto- 
riness (see chapter 16), Catecholamines potentiate arrhyth- 
mias caused by automaticity because of an increase in the 
slope of phase 4 and enhancement of the slow inward cur- 
rent. They also promote development of delayed afterdepo- 
larizations because they stimulate calcium current, allowing 
elevations of intracellular calcium. Alpha-adrenergic agonists 
block specific potassium currents (Ix, Io) that prolong the 
action potential duration. Given an existing substrate, such 
an action will increase early afterdepolarizations. 

Differences exist in the impact between the neurogenic 
and humoral adrenergic stimulation.” The neurogenic vec- 
tor (norepinephrine from sympathetic nerve fibers) usually 
occurs suddenly, for short periods of time, and with unequal 
distribution to ventricular myocardium; the humoral vector 
(circulating epinephrine from the adrenal glands) occurs 
more gradually, for a longer period, and with a more gener- 
alized effect. Therefore, the influences of the sympathetic 
and parasympathetic systems can be complex, particularly 
during certain circumstances such as exercise.”!® 7! Arrhyth- 
mias also may be triggered with certain activities, including 
sleep,'* ” with changes in the sympathetic balance accompa- 
nying congestive heart failure,?!® or with hypertrophic cardio- 
myopathy. Not only are ventricular arrhythmias more likely 
under circumstances of elevated sympathetic tone, but also 
large sympathetic surges are generated as a result of ventricu- 
lar tachycardia.?"! 


EFFECTS ON ANTIARRHYTHMIC POTENTIAL. Sympathoexci- 
tation may contribute to hemodynamic stability during VT, 
although under some circumstances it may be detrimental.* 


211, 217 Neurogenic and humoral sympathetic influence not 
only affects generation of ventricular arrhythmias but can 
also modify the effectiveness of antiarrhythmic drugs. !®™ 7" 
For example, the beneficial effects of quinidine (class Ia) 
can be annulled with increased sympathetic tone.” Similarly, 
mexiletine (class Ib) may be less effective unless combined 
with atenolol. The antiarrhythmic effects of action potential 
prolongation by class III drugs may be optimal only when 
sympathetic tone is not elevated. 2! One large human 
trial revealed that désotalol was an effective antiarrhythmic 
drug”; however, when d-sotalol was tested against placebo, 
more deaths occurred in the treatment group.” ° Because 
d-sotalol is essentially devoid of antiadrenergic actions and is 
functionally a pure class III drug, the antiarrhythmic effects 
may be lost (less blockade of potassium current) in some 
situations in which sympathetic tone is increased,'”: *' and 
concomitant B-adrenergic blockade may be necessary. 


INDICATIONS FOR THERAPY 


Treatment is based upon the assumption that ther- 
apy will (1) reduce the risk of death, (2) decrease the 
frequency of a dangerous arrhythmia, and (3) improve 
or abolish related clinical signs. Beneficial results may 
not always occur, and adverse effects are possible (see 
chapter 17, Tables 17-6, 17-8). 


PREVENTION OF SUDDEN CARDIAC DEATH 


Sudden cardiac death can result from ventricular 
fibrillation (VF), ventricular asystole, or electrical- 
mechanical dissociation (also called pulseless idioven- 
tricular rhythm by some investigators). It was once 
believed that decreasing the frequency of ventricular 
extrasystoles would also decrease the risk of sudden 
death. However, this assumption is not always true. 
Drugs can have antiarrhythmic effects without antifib- 
rillatory effects and vice versa. If ventricular asystole or 
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electrical-mechanical dissociation is the mechanism of 
death, then drugs that prevent VF may not affect that 
outcome. 

Ventricular fibrillation is a common fatal canine ar- 
rhythmia. As in the atria, the mechanism is multiple 
re-entrant circuits. This is more likely to occur when 
there is more dispersion of refractoriness (the differences 
in the refractory periods of the myocytes in different 
locations), which, when increased, causes unidirec- 
tional blocks and re-entry. The dispersion of refractori- 
ness that is required for re-entry to develop is within 
the physiologic range in the atria and outside the 
physiologic range for the ventricle. Thus, AF can exist 
without pathology in giant-breed dogs, whereas it is 
rare for a normal heart to develop VF spontaneously. 
Rapid VT usually precedes development of VF, and 
this rhythm increases the inhomogeneity of conduc- 
tion and refractoriness. The inhomogeneity allows a 
fixed re-entrant circuit to degenerate into a random 
circuit that leads to VF. Some drugs such as bretylium 
may have a greater antifibrillatory than antiarrhythmic 
ability.?"” At times, certain electrical stimuli such as a 
spontaneous premature ventricular complex or dis- 
charge from an improperly programmed pacemaker 
during the vulnerable period can also set up condi- 
tions for VF (Fig. 18-22). 


TERMINATION OF DANGEROUS ARRHYTHMIAS 


A ventricular arrhythmia is judged to be dangerous 
(1) when it causes hemodynamic compromise (e.g., 
low cardiac output with weakness, syncope, or conges- 
tive heart failure (CHF); hypotension; or collapse) 


Blood 
pressure 


FIGURE 18-22 


(Figs. 18-22, 18-24/G), or (2) when it may degenerate 
into a more electrically unstable and fatal arrhythmia 
(Fig. 18-23). 

Heart rate is the most important determinant of 
hemodynamic compromise with a tachyarrhythmia 
(Fig. 18-24). Systolic and diastolic dysfunction are 
more pronounced in the left ventricle with sustained 
ventricular tachycardia.’ For example, slow (120 
beat/min), monomorphic VT that is hemodynamically 
tolerated in a dog with normal myocardial function 
usually does not demand antiarrhythmic intervention. 
Treatment of single PVCs is not necessary because the 
hemodynamic compromise is brief or not significant. 

ECG features that imply electrical instability and 
increase the belief that the arrhythmia should be 
treated include (1) polymorphic PVCs, (2) a short 
coupling interval between the PVC and the preceding 
normal beat (i.e., the premature ventricular complex 
occurs during the vulnerable period of the T wave [R 
on T phenomenon]), or (3) a short cycle length (i.e., 
rapid heart rate) for the consecutive ventricular com- 
plexes. Rapid, monomorphic or polymorphic VT is 
more likely to degenerate into VF than is slow (<120 
beats/min), monomorphic VT. 


ELIMINATION OF CLINICAL SIGNS 


Weakness, exercise intolerance, hypotension, and 
syncope are likely when VT is rapid and sustained 
(>30 sec). Holter monitoring coupled with a diary 
of the pet’s activities can correlate an arrhythmia with 
clinical signs when the association is in question. 


Simultaneous recording of leads I, aVF, and arterial blood pressure in a German shepherd 
undergoing implantation of a cardioverter defibrillator device. Testing requires inducing ventricular 
fibrillation (left half of the tracings) followed by defibrillation (arrow). Fibrillation is induced with 
rapidly repeated electrical stimuli delivered to the left ventricle through a sensing/ pacing lead. The 
ventricular fibrillation is sensed by the implanted device, which issues a shock to defibrillate the 
heart successfully. Sinus rhythm is then re-established. Notice the absence of an arterial blood 
pressure during the ventricular fibrillation, and resumption of blood pressure during sinus rhythm. 
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FIGURE 18-23 


See legend on opposite page 
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Natural History and Risk Stratification 


When deliberating whether to treat a ventricular 
arrhythmia, one must also consider the clinical presen- 
tation and associated disease. For example, myocardial 
dysfunction is the major determinant of risk associated 
with ventricular arrhythmias in humans”**5; the ex- 
trapolation is most likely true for dogs as well. Even 
before development of myocardial failure in the cardi- 
omyopathic boxer? (and possibly Doberman pin- 
scher), VT and syncope appear to be associated with 
increased risk of sudden death. German shepherd 
dogs with rapid VT are at risk of death until 18 months 
of age, whereas those with only PVCs, or those older 
than 18 months, are at low risk.?3%-233 


APPROACHES AND CRITERIA FOR 
SUCCESSFUL MANAGEMENT 


CONTINUOUS (HOLTER) ECG MONITORING 


Standard, brief ECG recordings may be too short to 
detect VT and may be inaccurate due to the spontane- 
ous hourly variability in arrhythmia frequency.?**?” 
Dangerous arrhythmias may be revealed only by 24 
hour ECG recordings. Holter monitoring can also help 
assess antiarrhythmic drug efficacy.’ To verify a true 
reduction in the frequency of ventricular arrhythmias 
requires a minimum of 24 hours of continuous ECG 
monitoring, rather than just the standard 1- or 2-min- 
ute ECG rhythm strip. 

Holter monitoring is not without its own limitations. 


In humans, even with 24 hours of ECG recorded, 
the day-to-day variability of ventricular arrhythmias is 
high." Variability is greater when the frequency is 
low (<200 PVC beats/hr) than when the PVC counts 
are high (>1000 beats/hr). Moreover, when the inter- 
val between recordings is increased, the spontaneous 
variability in arrhythmias varies even more.?*” There- 
fore, to demonstrate clearly a positive drug effect, (1) 
re-examination should be made within a short period 
of time, (2) the percent reduction of arrhythmias 
should be stringent, (3) long-term follow-up may in- 
clude examination off drug treatment, and (4) the 
limitations of monitoring, as they apply, must be fac- 
tored in. Nevertheless, Holter monitoring provides 


critical assessment for managing ventricular arrhyth- 
mias 5, 222, 241, 242 


REDUCTION IN ARRHYTHMIA FREQUENCY (REDUCTION OF 
THE INITIATION OF AN ARRHYTHMIA OR TERMINATION OF A 
TACHYCARDIA). Based on 48 hours of Holter monitoring 
in humans, suppression of approximately 90 percent 
of repetitive ventricular ectopic beats and a 75% reduc- 
tion in PVCs must be achieved to ascribe an antiar- 
rhythmic effect comfortably.*** This type of criterion is 
effective only when ventricular arrhythmias are fre- 
quent. Currently, specific recommendations have not 
been validated for dogs. 


REDUCTION IN RATE OF ARRHYTHMIA. In some circum- 
stances, abolishing the VT is not possible, although the 
antiarrhythmic may effectively decrease the rate of the 


FIGURE 18-23 


Electrophysiologic recordings that demonstrate the effect of ventricular arrhythmias on systemic 
(arterial) blood pressure. Ventricular complexes do not generate a blood pressure as effective as 
complexes that originate from supraventricular tissue and traverse the normal conduction system. 
The number of ventricular ectopic beats/minute is a determinant of cardiac output, as well as atrial- 
ventricular synergy (cardiac output = stroke volume X heart rate). Blood pressure represents the 
product of cardiac output times total peripheral resistance. Thus, the length of time that the heart 
maintains a rapid ventricular arrhythmia influences clinical signs. 

(A) Simultaneous ECG (leads II and aVR) and arterial blood pressure recorded from a dog with 
rapid, nonsustained ventricular tachycardia. Both the paroxysm of tachycardia and associated fall in 
blood pressure were brief and thus did not result in observable clinical signs. The postextrasystolic 
potentiation of the sinus beat that followed the tachycardia is reflected in the increased blood 


pressure. Paper speed 25 mm/sec. 


(B) Simultaneous ECG (lead II and aVR) and arterial blood pressure recorded from a dog with 
long sinus pauses, ventricular escape complexes, and ventricular tachycardia. The arterial blood 
pressure is reduced, irregular, and not consistent with each ventricular complex. Such a variation in 
systemic pressure is also seen with atrial fibrillation. Paper speed 50 mm/sec. 

(C) Data generated during ventricular pacing in a German shepherd dog undergoing 
programmed stimulation (arrow is pacing artifact) to determine whether ventricular tachycardia (VT) 
could be induced. The dog’s siblings had died suddenly and unexpectedly from suspected 
ventricular arrhythmias. These simultaneous recordings included surface ECG leads (I and aVF), 
intraventricular leads (quad 3-4), monophasic action potential (MAP), and His electrogram (His). 
Ventricular pacing with a postmature stimulus (1) and two premature complexes (2 and 3) 
consistently induced nonsustained, rapid, polymorphic VT and profound depression of arterial blood 
(open arrow). Such a drop in systemic blood pressure, when sustained more than 8 to 10 seconds, 
results in clinical signs. Induction of VT in this dog is unusual in German shepherds with inherited 


VT. Paper speed 100 mm/sec. 
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FIGURE 18-24 


Composite scheme of ventricular arrhythmias, showing which would be treated. The width of the 
arrow indicates the increasing need for treatment. The judgment to treat or not on each of these 
examples is based on the assumption that the short ECG segment is representative of what the dog’s 
ECG is like over a longer period. To be sure of the frequency and severity of the ventricular 
arrhythmia, a Holter recording for 24 hours would improve the information on which a decision is 
made to treat. Paper speed 50 mm/sec. (A) Single premature complexes are rarely treated. (B) 
Monomorphic ventricular triplet at a rate that is similar to the sinus rate. This rhythm would rarely 
be treated. (C) Monomorphic, slow ventricular tachycardia (120 beats/min) from a dog that was hit 
by a car. Most dogs with traumatic arrhythmias recover with or without treatment. Therapy should 
be based on close ECG monitoring and clinical assessment for hemodynamic compromise. 

(D) Ventricular bigeminy recorded from a boxer. Although only single premature complexes were 
recorded, this breed is at high risk for dangerous VT associated with ‘‘boxer cardiomyopathy.” 
Therefore, 24hour Holter recording is recommended to determine whether VT is present; an 
echocardiogram would be helpful; and close clinical monitoring is important. This dog would 
probably be treated. 

(E) Polymorphic VT recorded from a dog with a splenic mass. Acute antiarrhythmic therapy 
appears warranted based upon clinical condition and polymorphic QRS complexes. This arrhythmia 
resolved after splenectomy. (F) Rapid, monomorphic VT with left bundle branch block pattern from 
a syncopal boxer. Treatment is clearly indicated. (G) Rapid, monomorphic VT in a dog with 
myocardial failure. AV dissociation is present, and some P waves are visible (notice the 2nd and 5th 
complexes from the right). Treatment for the heart failure and acute antiarrhythmic therapy are 
required. Animals with myocardial failure tolerate VT more poorly than those with a functionally 
normal heart. 
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tachyarrhythmia. A slower heart rate during VI may 
be adequate to lessen clinical signs and risk of death. 


DRUG EFFECTS ON THE 
ELECTROCARDIOGRAM 


The ECG can often provide evidence of drug effi- 
cacy or toxicity (see chapter 17, Table 17-5). Lido- 
caine, although it blocks sodium channels and causes 
a delay in ventricular conduction, does not prolong 
the QRS complex because of rapid unbinding.** In 
contrast, quinidine, procainamide, amiodarone, and 
sotalol will cause a dose-related prolongation of the 
QRS complex. Prolongation of the QT interval can 
also be a marker of drug toxicity in some cases, particu- 
larly with drugs that prolong repolarization, such as 
class Ic and class III drugs (see chapter 17, Tables 
17-2, 17-5).** Toxicity from class III drugs can cause 
the development of a U wave and large T waves, which 
may precede the development of torsades de 
pointes.” The U wave may result from heterogeneity 
of repolarization or be generated from the M cells of 
the ventricular myocardium (Fig. 18-25) .?* 24° 


PLASMA DRUG CONCENTRATIONS 


Although therapeutic drug concentrations do not 
guarantee effective treatments or arrhythmia con- 
trol,?‘” *8 proper use of this information when avail- 
able can assist with proper antiarrhythmic dosing.” 
Monitoring plasma drug levels with the goal of identi- 
fying a target drug concentration, avoiding low serum 
levels, or identifying levels in the toxicity range may 


FIGURE 18-25 


Class IM antiarrhythmics can B 
cause changes in the ECG, such 

as prolongation of the QT 

interval, enlargement of the T 

wave, and development of U 

waves, (A) ECG of a dog before 
treatment with a class IH 
antiarrhythmic. (B) Toxicity C 
developed during treatment, and 

the dog developed large T waves. 


be helpful in some cases, particularly when digitalis 
glycosides are used. 

Plasma levels of a specific drug do not always ac- 
count for active metabolites, tissue drug levels, and the 
fact that the antiarrhythmic effect can span a wide 
drug concentration. Although plasma concentrations 
of procainamide can be of value in the dog, lidocaine 
levels usually are not except in the evaluation of toxic- 
ity, because of the wide variation that occurs with clear- 
ance, distribution, and binding to a,-acid glycoprotein. 
Mexiletine levels are not usually of value because of 
the overlap between therapeutic and toxic plasma 
levels.?** 2350 In humans” and dogs,”*> the active metab- 
olite of amiodarone, desethylamiodarone, also has an- 
tiarrhythmic activity!” *! and may be responsible for 
toxicity; monitoring the parent drug may not provide 
adequate warning of toxicity. Moreover, correlating 
dose and plasma levels is complicated because of the 
tissue uptake and very wide variability in bioavailabil- 
ity.25?-254 

After steady-state equilibrium is established, one 
must know when to sample patients to obtain trough 
(minimal) plasma drug concentrations.*" Only the 
free, nonprotein-bound drug is available for pharma- 
cologic effect, but most assays measure the total plasma 
concentration. Thus, if the proportion of a drug 
bound to plasma proteins is inconsistent, erroneous 
interpretation can result. 


SELECTION OF 
ANTIARRHYTHMIC DRUGS 


Within a drug class (see Table 17-2), lack of efficacy 
of one agent does not predict that another drug within 


(C) ECG of another dog before 
treatment (QT interval = 210 
msec). (D) After treatment, this 


dog developed prolongation of 
the Q-TU interval (400 msec), 

large T waves, and U waves D: 
(arrows). 
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that class will be effective or ineffective. Moreover, a 
treatment response experienced when a drug is admin- 
istered by a particular route does not indicate a similar 
response when the agent is given by a different route 
of administration.” Summary comparisons between 
antiarrhythmic drug classes have been reported in hu- 
mans, 26259 


ACUTE (IV, IM) ANTIARRHYTHMIC 
THERAPY 


CONSTANT-RATE DRUG INFUSION 


To prepare a constant-rate infusion, several formulas 
are available to calculate the desired drug dose and 
infusion rate. Two popular methods are 


Body weight (kg) X selected drug dose (ug/kg/min) 
x 0.36 = total IV dose (in mg) infused over 6 hr 


or 


Selected drug dose (ug/kg/min) X body weight (kg) = 
mg of drug added to 250 ml of fluid administered at a drip 
rate of 15 ml/hr 


LIDOCAINE 
Clinical Applications 


INTRAVENOUS BOLUS ADMINISTRATION. Lidocaine is the 
most effective drug for acute management and rapid 
control of life-threatening or unstable ventricular 
tachyarrhythmias. An IV bolus (2.2 mg/kg) is adminis- 
tered during ECG monitoring. If needed, additional 
boluses (2.2 mg/kg IV) can be given over approxi- 
mately 5 minutes, up to a total of 8.8 mg/kg. The 
half-life is short, and antiarrhythmic effects abate by 
approximately 10 to 15 minutes, if not sooner. To 
maintain blood levels, a constant-rate infusion is begun 
after these initial boluses (“loading doses”). Because 
lidocaine will take 3 to 6 hours to reach steady state 
concentration during constant-rate infusion, addi- 
tional IV boluses (0.25 to 1 mg/kg) may be cautiously 
repeated as needed. 


CONSTANT RATE IV INFUSIONS. Lidocaine may be con- 
stantly infused at 25 to 80 g/kg/min. The foregoing 
formulas may be used to set up the infusion. Alterna- 
tively, starting with a midrange dose of 50 pg/kg/min, 
withdraw 25 ml from a 500-ml bag of crystalloid fluids 
(i.e., lactated Ringer’s solution with potassium chloride 
added if renal function is normal), and replace this 
with 25 ml of 2% (20 mg/ml) lidocaine. This mixture 
provides a lidocaine concentration of 1000 pg/ml. The 
IV drip rate may be calculated at the same rate that is 
used for administering a standard volume of mainte- 


nance fluids if CHF is absent (e.g., approximately 70 
ml/kg/24 hr). The infusion dose may be increased by 
delivering a larger volume or by increasing the lido- 
caine concentration. Infusion pumps facilitate deliv- 
ering concentrated solutions with minimal fluid vol- 
umes. This is desirable when CHF (especially 
pulmonary edema) is present. When lidocaine is no 
longer necessary, the infusion may be stopped without 
tapering. Lidocaine is stored in adipose tissues, and 
some continues to be released for several hours.”” 


INTRAMUSCULAR ADMINISTRATION. In humans, lido- 
caine has been administered by the IM route (4 mg/ 
kg) in crisis situations or when IV access is not 
possible**! 2°; therapeutic plasma levels occurred 
within 10 to 15 minutes, with effects lasting about 90 
minutes.” 7° In dogs, IV administration is the pre- 
ferred route because of its rapid onset of action; IM 
administration may be considered as a last resort. 


ADVERSE EFFECTS. Lidocaine toxicity can result in CNS 
signs characterized by twitching, tremors, anxiousness, 
and seizures. These are usually avoided by careful dose 
calculation and gradual upward dose titration. If toxic- 
ity occurs, lidocaine administration is stopped; IV diaz- 
epam is given if neurotoxicity is evident. In the pres- 
ence of hypokalemia, lidocaine efficacy is severely 
reduced. A few human studies report depression of 
blood pressure and cardiac output with high lidocaine 
doses,*** with resultant sinus tachycardia, although se- 
vere sinus bradycardia has been occasionally noted.?” 
In general, lidocaine does not alter hemodynamics 
except transiently after IV bolus when pre-existing 
myocardial dysfunction is present. These hemody- 
namic changes are rarely problematic in dogs with 
prescribed lidocaine dosages. 


Applied Electrophysiologic Actions 


HOW LIDOCAINE WORKS. Lidocaine is effective because 
of its broad antiarrhythmic action against arrhythmias 
caused by re-entry, normal and abnormal automaticity, 
and triggered activity (Fig. 18-26).*? Thus, it may con- 
trol VT due to any cause. Lidocaine slows conduction 
in diseased cardiac muscle,****** increases refractori- 
ness while shortening the action potential duration,”” 
decreases the dispersion of refractoriness, suppresses 
phase 4 depolarization,?” blocks the plateau sodium 
current,?”" 2” and possibly activates Igi.. °” These 
characteristics are similar to those of mexiletine (class 
Ib). 

Lidocaine does not control SVTs. This is because 
its electrophysiologic actions (shortening the action 
potential and increasing refractoriness) do not affect 
the atrial myocardium as they affect Purkinje fibers 
and ventricular myocytes.” 7° In atrial myocytes, the 
action potential duration is already shorter than in the 
ventricle.’ The shorter atrial action potential dura- 
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tion? means that the inactivated state is briefer. 
Therefore, less binding (and less antiarrhythmic ef 
fect) can occur in atrial tissue. 


JSE-DEPENDENCE. An important pharmacokinetic feature of 
lidocaine is use-dependence, the block that develops during the 
action potential or plateau.’ A drug has a greater use- 
dependence when it exhibits a greater antiarrhythmic effect 
at higher heart rates (Fig. 18-26).?!> 23 Use-dependence is a 
desirable antiarrhythmic drug quality because rapid tachyar- 
rhythmias are the most dangerous rhythms that require sup- 
pression. The onset and offset kinetics of a drug determine 
its degree of use-dependence.'™ The association and dissocia- 
tion time constants (the time that it takes for a drug to bind 
and unbind from the channel receptor) determine these 
kinetics and account for one of the major differences within 
class I antiarrhythmics (classes Ia, Ib, Ic). During tachycar- 
dias, electrical diastole is abbreviated. The time that the cell 
spends in the inactivated state is greater relative to the rest- 
ing state; therefore, drugs that bind during inactivation will 
have enhanced antiarrhythmic effects. Drugs with rapid off- 
set kinetics like lidocaine will build up on the channel recep- 
tors during rapid VT but not at slower rates. Therefore, they 
exhibit more antiarrhythmic effects during VT or on early 
extrasystolic depolarizations (i.e., complexes with short cou- 
pling intervals) because of more drug binding and less un- 
binding (Fig. 18-26).*'° Late PVCs are less likely to be sup- 
pressed by lidocaine, although these are not commonly 
problematic. Class la drugs exhibit use-dependence at slower 
rates than class Ib drugs, with slower recovery from block, 
and may be more effective against late PVCs.?” 

Although heart rate is a major determinant for class Ib 
drug binding, other factors are influential. Lidocaine prefer- 
entially binds to more depolarized (less negative potential) 
cardiac cells because such cellular potential promotes the 
inactivated state.?” ?’° Partially depolarized cells are usually 
those that are diseased and generate arrhythmias. Such selec- 
tivity of drug binding is advantageous,'® since more binding 
occurs with reduced pH and increased extracellular potas- 
sium, factors present in diseased myocardium. 


PROCAINAMIDE 
Clinical Applications 


Historically,?”” IV procainamide has been selected as 
a second-choice drug when lidocaine is ineffective in 
controlling VT. Procainamide affects normal and ab- 
normal tissues, whereas lidocaine has its maximal ef- 
fects in depolarized tissues such as those associated 
with ischemia and infarction.?*: 2” 278 Procainamide is 
used more safely than quinidine because it has fewer 
gastrointestinal side effects, has less prolongation of 
the QT interval, does not interact with digoxin, and 
causes less hypotension.?” 


INTRAVENOUS ADMINISTRATION. Procainamide (10 to 
15 mg/kg) can be administered IV slowly over 1 to 2 
minutes to avoid hypotension, although this is uncom- 
mon if myocardial function is normal. For continued 
parenteral administration, procainamide can be given 
by constantrate infusion (25 to 50 wg/kg/min). To 
prepare a 50-ug/kg/min infusion, 5 ml of fluid are 
removed from 500 ml of lactated Ringer’s or other 


crystalloid solution (with up to 14 mEq of KCl added 
if serum potassium and renal function are normal); to 
this, 5 ml of injectable 10% procainamide hydrochlo- 
ride (100 mg/ml) is added, resulting in a 1000 pg/ml 
concentration. When infused at a maintenance rate of 
70 ml/kg/24 hr (3 ml/kg/hr), a dose of 50 wg/kg/ 
min will be delivered. Alternatively, formulas may be 
used to make these calculations (see earlier). 


INTRAMUSCULAR ADMINISTRATION. Unless the animal is 
unable to take oral medication, using procainamide 
IM does not offer benefit over the IV or oral route. 
The time needed to reach peak plasma levels with IM 
administration approximates that of oral therapy.?” 


Applied Electrophysiologic Actions 


HOW PROCAINAMIDE WORKS. As a class Ia antiarrhyth- 
mic agent, procainamide is similar to lidocaine because 
it depresses membrane responsiveness and slows con- 
duction. However, it differs from lidocaine because it 
prolongs the effective refractory period while it pro- 
longs the action potential duration. This can result in 
QRS complex widening, especially at fast heart rates.” 
The latter explains why its antiarrhythmic effects take 
place in atrial, ventricular, and His-Purkinje fibers. In 
humans, the active metabolite Macetyl procainamide 
(see chapter 17) contributes to class III antiarrhythmic, 
and potentially proarrhythmic, effects; however, this 
metabolite is not present in dogs. Procainamide de- 
creases the dispersion of refractoriness caused by ische- 
mia (lengthening the action potential duration in the 
ischemic tissue), suppresses normal and abnormal au- 
tomaticity, decreases delayed afterdepolarizations, and 
increases the fibrillation threshold.2” In some situa- 
tions, VT may not be eliminated but the heart rate is 
decreased, thus improving hemodynamic stability.” 


USE-DEPENDENCE. Class Ia antiarrhythmics such as procain- 
amide exhibit some use-dependence that is similar to that of 
lidocaine. However, the offset/unbinding of procainamide 
and other class Ja drugs is intermediate (seconds) between 
the rapid dissociation of lidocaine (milliseconds) and the 
slow dissociation of class Ic drugs (10 seconds) .?” 


AMIODARONE 


Although amiodarone has only recently been used 
intravenously in humans, its effectiveness in treating 
refractory VT warrants consideration for selected ca- 
nine tachyarrhythmias. The electrophysiologic effects 
of IV amiodarone differ markedly from those associ- 
ated with chronic oral administration.” **? Experimen- 
tally, amiodarone (10 mg/kg/hr) has been effective in 
dogs that have VT and fibrillation induced by ische- 
mia.” In a clinical setting, a bolus of 5 mg/kg can be 
administered and the dog then evaluated for acute 
effect in controlling VT. 
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FIGURE 18-26 
See legend on opposite page 


SOTALOL CHRONIC (ORAL) ANTIARRHYTHMIC 


The IV formulation of sotalol is available in Europe TERRAE 
but not currently in the United States. In humans, the PROCAINAMIDE VS. QUINIDINE 
average IV dose is 0.3 mg/kg. Under experimental A eat 
conditions, doses of greater than 2 mg/kg IV have Clinical Applications 
been administered in the dog.*** Clinical safety re- 
mains to be established. 


SELECTION AND USE. Procainamide (10 to 20 mg/kg 
q 6 hrs PO) is usually preferred over quinidine for 


i 
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chronic maintenance therapy of VT. The sustained- 
release preparations require less frequent dosing (Pro- 
can SR, 10 to 20 mg/kg q 8 hr PO), but obtaining 
consistent blood levels may be more variable. If ar- 
rhythmia control is not obtained after steady-state 
blood levels are achieved (e.g., approximately 24 hours 
with procainamide, 36 hours with sustained-release 
preparations), serum procainamide concentrations 
may be measured. Samples are drawn 4 to 5 hours 
after oral procainamide administration or 8 hours after 
administration of sustained-release preparations. Ther- 
apeutic concentrations are uncertain. Procainamide 
blood levels of 5 to 12 pg/ml may be adequate. In 
humans, procainamide, and especially quinidine, are 
now used less frequently because of their proarrhyth- 
mic effects. The incidence of proarrhythmias in dogs 
treated for spontaneous arrhythmias is not known. 


MEXILETINE 
Clinical Applications 


SELECTION AND USE. Some clinicians use mexiletine as 
a first-line drug for chronic management of canine 


FIGURE 18-26 


VTs. Its electrophysiologic properties are similar to 
those of lidocaine. Therefore, antiarrhythmic effective- 
ness and untoward effects are comparable. While VT 
treated successfully with lidocaine is usually effectively 
treated with mexiletine, the acute effects of lidocaine 
do not always predict patient response to mexiletine.”*° 

Some human studies substantiate the improved anti- 
arrhythmic effect of mexiletine over procainamide and 
quinidine,” although clinical animal trials are lacking. 
Also, mexiletine may have fewer myocardial depressant 
effects on left ventricular function,”*° and this may be 
beneficial in dogs with myocardial failure. 

Currently, mexiletine (4 to 8 mg/kg, q 8 hr PO), 
combined with atenolol (0.5 mg/kg, q 12 to 24 hr PO) 
is my first choice for chronic oral therapy of dangerous 
ventricular arrhythmias. Mexiletine costs substantially 
more than either procainamide or quinidine, but 
fewer side effects may reduce the overall cost of treat- 
ment. Untoward effects (trembling, seizures, depres- 
sion) are similar to those of lidocaine at toxic doses. 
Gastrointestinal side effects can usually be limited by 
giving mexiletine with food. Mexiletine has fewer pro- 


How lidocaine works as an antiarrhythmic. I. Slows conduction. Blockade of the sodium channels is 
the major mechanism for slowing ventricular conduction. Illustrated from top to bottom is an ECG, 
the corresponding action potentials, the percent (0 to 100%) of available Na* channels with the state 
of the channel (i.e., resting = R, inactivation = I, inactivation with bound drug = I + D). 
Lidocaine binds and, therefore, blocks the Na’ channels during inactivation. In A, no lidocaine is 
present (no I + D shown). During the rest phase, just before the next activation, nearly 100% of 
the sodium channels are available for opening. The more sodium channels available, the faster the 
depolarization (steep phase 0 with rapid upstroke, Vmax). In B, lidocaine binds during the 
inactivation phase to many of the sodium channels. More binding occurs in cells that are partially 
depolarized, diseased cells (C). Shown here, the resting membrane potential is only — 60 mV. 
Although lidocaine blocks a large fraction of the sodium channels during each plateau (inactivation) 
phase, the fast diastolic recovery ensures that most channels are unblocked by the next action 
potential. However, with very early extrasystoles and rapid rates, binding accumulates (use- 
dependence) (D). Notice how I + D is greater than in A or B. Beneath this schematic of use- 
dependence (% Na* channels), the effect of the potential difference between depolarized and 
nondepolarized cells is shown without and with lidocaine. The greater the potential difference, the 
greater the gradient that propagates the depolarization wave. Lidocaine lessens the potential 
difference between cells at any point in time during phase 0, decreasing potential driving force and 
slowing conduction (irregular arrow). This slowed conduction can change an area of unidirectional 
block into bidirectional block; thereby, stopping re-entry. 

I. Decreases dispersion of refractoriness. Diseased myocytes vary in the duration of action potential and 
refractoriness. This promotes re-entrant arrhythmias because some areas will have longer refractory 
periods, allowing unidirectional block. Lidocaine shortens the action potentials where they may be 
prolonged, yet increases the effective refractory period in these areas, creating less dispersion of 
refractoriness. The result is more uniformity of refractoriness and less likelihood of bidirectional 
block. In some areas, when a premature depolarization wave hits a former area of unidirectional 
block, conduction proceeds with lidocaine, resulting in the impulse dying without re-entry. 

II. Shortens action potential duration. Prolonged repolarization from disease or drugs can result in 
triggered activity. Early afterdepolarizations (EADs) can propagate and result in ventricular 
arrhythmias. In this illustration, EADs that originate in Purkinje fibers (note small spikes during 
phase 2 of action potential) propagate to the ventricular muscle. This results in ventricular 
premature complexes that have reached threshold. The EADs can be inhibited when the action 


potential is shortened by lidocaine. 


IV. Increases effective refractory period. Lidocaine can increase the effective refractory period (ERP) 
even while shortening the action potential duration (postrepolarization refractoriness). This inhibits 
arrhythmias caused by enhanced abnormal automaticity or re-entry. Automatic stimuli do not result 
in an action potential because the myocytes remain refractory (gray area representing the ERP 
extends past the end of the action potential). The longer ERP results in bidirectional block and can 


arrest re-entrant arrhythmias. 


V. Reduction in the rate of phase 4 diastolic depolarization. Automatic arrhythmias are lessened because 


spontaneous depolarizations are inhibited. 
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arrhythmic effects than the commonly used class Ia 
drugs.” In the United States, mexiletine is currently 
available for oral use only, although a sustained-release 
formulation (Perlongets) and IV preparation are avail- 
able in Europe. 


B-ADRENERGIC BLOCKERS 
Clinical Applications 


SELECTION AND USE. The adjunctive use of B-adrener- 
gic blockers to treat VT has been acclaimed in humans 
based on evidence that they decrease mortality. B-Ad- 
renergic blocker monotherapy may be inadequate for 
controlling PVCs,” ° although it is particularly effec- 
tive when PVCs and VT are associated with high circu- 
lating catecholamine levels (e.g., during anesthesia 
with halothane and with exercise) .?*’ The frequency of 
PVCs does not reliably predict long-term benefit. In 
human studies, B-adrenergic blocker monotherapy 
only modestly affected the incidence of PVCs but de- 
creased mortality.'* * The latter may be due to the 
antifibrillatory effects of B-adrenergic blockade.” Ap- 
plicability of these studies to clinical veterinary medi- 
cine has not been determined. Since B-adrenergic 
blockers are comparable in their antiarrhythmic effect, 
selection of a particular agent is determined by other 
characteristics," *? including drug kinetics, halflife, 
and receptor selectivity. Caution must be used if B- 
adrenergic blockers are given when myocardial failure 
is present. 

Minimal information is available regarding B-adre- 
nergic blocker monotherapy for treatment of VT in 
dogs. Propranolol (0.5 to 1.5 mg/kg), atenolol (0.5 
mg/kg), or metoprolol combined with either procain- 
amide or mexiletine can be effective in some cases. 
The dose of B-adrenergic blockers must be titrated to 
achieve the desired therapeutic end points. 


ADVERSE EFFECTS 


ELECTROPHYSIOLOGIC APPLICATIONS 


Antiarrhythmic actions of B-adrenergic blockers may 
be attributable to direct electrophysiologic mecha- 
nisms or to indirect systemic or metabolic effects.” 
If the heart has diseased myocytes that are partially 
depolarized, these cells, when stimulated by catechola- 
mines, can reach threshold and result in premature 
complexes that in turn could initiate tachycardia. Fur- 
thermore, B-adrenergic blockade will decrease phase 
4 spontaneous depolarization, decrease membrane ex- 
citability, inhibit adrenergic shortening of refractori- 
ness, and decrease phase 0 upstroke velocity. Very high 
doses of certain drugs such as propranolol can block 
the inward sodium “window” current.?**2% 


AMIODARONE AND SOTALOL 
Clinical Applications 


SELECTION AND USE. Currently, clinical trials evaluat- 
ing these class III agents are lacking in dogs for treat- 
ing spontaneous VT. Anecdotal reports give mixed re- 
sults and may reflect the variation of diseases treated, 
doses used, and incomplete patient follow-up. Experi- 
mentally, sotalol was effective in suppressing canine 
VT induced by increased sympathetic influences.” In 
humans, sotalol and, especially, amiodarone are be- 
coming more frequently selected as first-line ventricu- 
lar antiarrhythmic drugs based upon favorable clinical 
results.” 29-298 However, because cardiac disorders 
(e.g., Coronary artery disease) associated with these 
arrhythmias in humans are rare in dogs, it is unclear 
whether these drugs would be as effective in canines. 
It should be emphasized that amiodarone and di-sota- 
lol are not pure class III agents, but both have class II 
action (amiodarone also possesses class I and class IV 
activity). 


AMIODARONE. When administered orally, amiodarone 
has a delayed and highly variable onset of action™ that 
makes dosing and determination of clinical response 
difficult. Amiodarone is very lipophilic and protein 
bound and has a high volume of distribution.*”” Be- 
cause it can cause severe side effects (see chapter 17, 
Table 17-6), the goal should always be to use the 
lowest effective dose. Clinical experience has been lim- 
ited. A loading dose of 10 mg/kg/24 hr was given to 
dogs in experimental studies for 7 to 10 days,” fol- 
lowed by a maintenance dose of 5 mg/kg daily or 
three times per week. 


SOTALOL. The commercially available preparation is 
the racemic mixture of d and Jésotalol, the dextroi- 
somer having less than 2 percent of the nonselective 
B-adrenergic blocking activity of the levoisomer.*” The 
B-adrenergic blocking activity of di-sotalol is about 30 
percent that of propranolol and occurs at lower doses 
than do the class IJI actions.” Sotalol differs from 
amiodarone in that sotalol does not bind to plasma 
proteins; is eliminated through the kidneys; is hydro- 
philic; lacks active metabolites; and has no effect on 
digoxin concentrations. Also, long-term administration 
of sotalol does not alter its kinetics with plasma con- 
centrations proportional to the dose.*”? Canine phar- 
macokinetic*’ and dose-response studies (Bristol-My- 
ers Squibb, unpublished observations) have been 
performed and reviewed.” The starting dose is 0.5 to 
2 mg/kg PO sid to bid. 


CLINICAL MONITORING. Studies in humans treated 
with amiodarone revealed no relationship between 
dose and efficacy of PVC suppression.* The value of 
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monitoring plasma levels is unclear,*” although plasma 
drug concentrations may be of some benefit in de- 
termining whether “effective” plasma levels have been 
attained.'** Reverse T, levels have been used to moni- 
tor amiodarone, which blocks the conversion of T, to 
T,. Elevated levels of reverse T, have been associated 
with adverse effects.'** Liver and thyroid function, as 
well as routine biochemistry tests, should be monitored 
every 6 months. For amiodarone and sotalol the heart 
rate, Q-T interval, and P-R interval should be moni- 
tored (Fig. 18-25).%°°°% Dose-related ECG changes 
have been well described with sotalol.?°* 309 


ADVERSE EFFECTS. Dose-related side effects with amio- 
darone include gastrointestinal upsets, pulmonary fi- 
brosis, hyperthyroidism, hypothyroidism, ocular opaci- 
ties, and hepatic failure.**' The use of low-dose 
amiodarone has been touted as a means of achieving 
antiarrhythmic activity without untoward effects.'*° Pro- 
arrhythmias, including torsades de pointes for sotalol, 
are probably related to excessively high doses. 

Amiodarone and sotalol must be used judiciously in 
the setting of CHF. Amiodarone has a minor but defi- 
nite negative inotropic effect, which is offset by the 
lengthening of the action potential duration and asso- 
ciated prolongation of contraction. Consequently, 
long-term treatment with amiodarone does not worsen 
or induce CHF because it has few or no net negative 
inotropic effects.*!” However, concomitant use of di- 
goxin with amiodarone can cause plasma digoxin lev- 
els to increase. Sotalol does not affect serum digoxin 
levels. Moreover, drug interactions with sotalol are in- 
frequent because of its lack of protein binding and 
biotransformation. However, sotalol can cause a wors- 
ening of CHF, lethargy, and bradycardia, which is re- 
lated to its B-adrenergic blocking activity.*° 


Applied Electrophysiologic Actions 


HOW AMIODARONE AND SOTALOL WORK. Electrophysio- 
logic heterogeneity underlies the re-entrant mecha- 
nism of many life-threatening ventricular arrhythmias. 
Amiodarone and sotalol prolong the action potential 
duration and refractory period without slowing con- 
duction. This class II drug effect makes the action 
potential pattern more uniform throughout the myo- 
cardium (decreases QT dispersion), thereby increasing 
electrical stability.” *'' The §-adrenergic blocking 
property of each drug also has an antiarrhythmic ef- 
fect. Although these class III agents are antiarrhythmic, 
they may exert their greatest effect as antifibrillatory 
agents that prevent ventricular fibrillation or the VT 
that precedes VF” The class I and class IV effects 
of amiodarone also contribute to its antiarrhythmic 
effects.°™ 


ADDITIONAL PROPERTIES. Amiodarone has othcr physiologic 
actions that contribute to its effectiveness during poor perfu- 
sion, such as its phospholipase inhibition, which prevents the 
build-up of arrhythmogenic substances during ischemia.”*!"" 
Because the molecular structure of amiodarone is similar to 
that of thyroid hormones, some of its cardiac action is specu- 
lated to be due to inhibition in the heart of T, nuclear 
receptors, which then mimics intracellular hypothyroidism.*” 


IMPORTANCE OF REVERSE USE-DEPENDENCE. Drugs with class 
III action potentially express reverse use-dependence (i.e., de- 
creased antiarrhythmic action with faster heart rates). This 
phenomenon occurs when action potential prolonging (class 
III) drugs exert their greatest effects at relatively slow heart 
rates. This is the opposite of the more desirable characteris- 
tic, use-dependence, defined as increased antiarrhythmic action 
expressed at faster heart rates (i.e., with tachycardias the 
antiarrhythmic effect is greater). Reverse use-dependence is 
an undesirable characteristic because it causes the antiar- 
rhythmic action of a drug to be least effective during tachy- 
cardia.?* Although sotalol exhibits reverse use-dependence, 
amiodarone does not because it prolongs action potentials 
to an equivalent degree both at slow and fast rates.'*” This 
characteristic of amiodarone has been shown in the dog. It 
may explain the lower incidence of torsades de pointes seen 
with amiodarone compared with sotalol. Most class III 
drugs block the rapid component of the delayed rectifier 
potassium current (Iņ), although amiodarone also blocks the 
inward rectifier current (Ix,;) and the ATP-sensitive potassium 
channel (I, arp)?” It is the blockade of I, that causes the 
maximal prolongation of the action potential and refractori- 
ness to occur at slow rates.'!°’ Amiodarone does block Ik 
during the open state, and it is this action that probably 
maintains its lengthening of action potential duration at fast 
heart rates, thereby improving its efficacy. Sotalol does not 
have this effect; thus, reverse use-dependence and torsades 
de pointes may be related to this difference. 


COMBINATION ANTIARRHYTHMIC DRUG 
THERAPY 


Clinical Applications 


SELECTION AND USE. Although combining antiarrhyth- 
mics can be dangerous, the potential also exists for 
synergistic effects.” In humans?" and in dogs,*'® #!° 
combination antiarrhythmic drug therapy can be effec- 
tive in reducing VT and the induction of VF when 
monotherapy has failed. Combination therapy may 
also be better tolerated than maximal dosages of 
agents used as monotherapy.” A common antiarrhyth- 
mic drug combination combines a class Ia drug (pro- 
cainamide or quinidine) with a class Ib drug (lidocaine 
or mexiletine).°!* 31920 Class Ia or class Ib drugs are 
potentially more antiarrhythmic when either is com- 
bined with a B-blocker.!” For example, the effective- 
ness of mexiletine can be enhanced when given with a 
B-blocker (atenolol, propranolol, nadolol, or metopro- 
lol). Procainamide or quinidine combined with sotalol 
has been effective under experimental conditions for 
treating ventricular arrhythmias.*! Some agents that 
are classified as class III drugs actually possess antiar- 
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rhythmic action characteristic of class II drugs, such as 
di-sotalol and amiodarone, thereby actually providing 
combination therapy. 

Problems do exist when using antiarrhythmic drug 
combinations. The effective dose of each drug must 
be found, and this determination could potentially 
take more time than using monotherapy. The only 
statement that can be wisely made with regard to the 
dosage is to start lower than the dose used for each 
drug alone. Adverse effects may require the withdrawal 
of both drugs, although only one drug is really detri- 
mental. Although the reason for drug combinations is 
synergism, adverse reactions can occur directly from 
the drugs or because of drug elimination. 


Applied Electrophysiologic Actions 


Specific electrophysiologic mechanisms underlie the syner- 
gistic effects when certain agents (see Table 17-2) are com- 
bined. Class [a drugs such as quinidine prolong the action 
potential, which allows the sodium channels to remain inacti- 
vated for a longer period of time. If a class Ib drug (e.g., 
mexiletine), which preferentially binds to the inactivated 
channel, is also given, more time for binding occurs and 
increased antiarrhythmic effects are possible, even when the 
dose of each drug is reduced.*!? Catecholamines can actually 
reverse the antiarrhythmic effects of class I drugs. Therefore, 
when class II drugs (f-adrenergic blockers) are added to 
procainamide, quinidine, mexiletine, or lidocaine, this rever- 
sal is prevented.*” Also, the antiarrhythmic effect of pro- 
longing refractoriness by class Ja drugs is increased with B- 
adrenergic blockade, and this may be due to the effects on 
potassium currents.” 3 When class Ia drugs are used with 
class III drugs, the effect of reverse use-dependence is de- 
creased.™! Sympathetic stimulation shortens the action po- 
tential duration by increasing the magnitude of I, currents. 
Such electrophysiologic effects attenuate the effectiveness of 
class II drugs.” *** This may in part be why some class III 
drugs are not as effective, and are potentially dangerous 
during periods of sympathetic stimulation such as exercise, 
unless they also possess some class I activity.?” 


REASONS FOR THERAPEUTIC FAILURE 


INEFFECTIVE ANTIARRHYTHMIC ACTION 


Drugs may be ineffective for many reasons. These in- 
clude 


1, Incorrect arrhythmia diagnosis; 

2. Inadequate dosage; 

3. Pharmacokinetic complications that reduce serum 
drug concentrations; 

4. Antiarrhythmic drug action that does not override 
or that potentiates the mechanism underlying the ar- 
rhythmia; or 

5. Physiologic alterations (i.e., hypokalemia) that hin- 
der the antiarrhythmic action. 


If a drug is ineffective, the dose is gradually in- 


creased, generally in 25 percent increments. Concur- 
rent disease can alter drug clearance or metabolism 
(renal or hepatic disease) or change the volume of 
distribution (CHF) such that frequent dosage adjust- 
ments are needed.” Drug-arrhythmia mismatch is a 
difficult problem to detect, although it can be sus- 
pected in some situations as when using class IIT agents 
in German shepherds with inherited VT (see discus- 
sion that follows). 


EFFECTS OF HYPOKALEMIA ON ANTIARRHYTHMIC DRUG EFFICACY. 
Low serum potassium concentrations can result in loss of 
antiarrhythmic effect of lidocaine.*** Lidocaine binds during 
the inactivation state, whereas negligible binding occurs dur- 
ing the resting state. The longer the membrane stays in the 
resting state (electrical diastole, phase 4), the more time for 
lidocaine to unbind maximally from the sodium channel. 
The number of sodium channels available during the resting 
state depends on the resting membrane potential, such that 
small changes in the latter can profoundly affect unbinding. 
With more negative potentials and resulting longer diastolic 
depolarization, there would be more time for unbinding, 
and the antiarrhythmic effect would be lessened. During 
hypokalemia, the driving force for the efflux of potassium 
from cardiac cells is increased. Therefore, the resting mem- 
brane potential is more negative than during normokalemia. 
The resulting hyperpolarization promotes unbinding, 
thereby reducing sodium channel blockade by lidocaine, and 
thus reducing its antiarrhythmic effect. Also, the effect of 
hypokalemia lowering the resting membrane potential is to 
increase the upstroke velocity (Vmax) of phase 0, which en- 
hances conduction velocity. This effect can counteract the 
decrease in conduction velocity of drugs such as lidocaine. 
Hyperkalemia can potentiate the slowed conduction, There- 
fore, with hypokalemia, the effect of lidocaine on the maxi- 
mal rate of depolarization may be lost entirely. Moreover, 
hypokalemia makes the heart more sensitive to catechola- 
mines, and the beneficial antiarrhythmic effects are lack- 
ing.’ The action of other drugs such as sotalol also is 
detrimentally affected by hypokalemia or hypomagnesemia 
(see discussion that follows) .°* 269 


PROARRHYTHMIA 


A proarrhythmia is a new arrhythmia or aggravation 
of pre-existing arrhythmia caused by a drug. Circum- 
stances that make proarrhythmia more likely include 
CHF, concomitant drug use such as high-dose diuret- 
ics, poor systolic function, hypokalemia, or hypomag- 
nesemia. Although different drugs possess different 
degrees of proarrhythmic tendency, any drug can have 
such an effect.?”* 32 Drugs are considered proar- 
rhythmic when they induce new tachyarrhythmias or 
bradyarrhythmias. In humans, the incidence of proar- 
rhythmia varies from approximately 5 to 25 percent. 
Drugs that have been associated with proarrhythmia 
and are most commonly used in dogs include quini- 
dine, procainamide, and sotalol, but the frequency of 
this side effect is unknown. 
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A proarrhythmic effect is established on the basis of 
increased frequency of ectopic complexes. Interpreta- 
tion of such an increase must be weighed against the 
natural variability that occurs in the frequency of ar- 
rhythmias. In humans, such a determination is based 
on 24- to 48-hour Holter recordings, and standards 
have been established relative to baseline arrhythmia 
counts. When PVCs are infrequent, spontaneous 
changes in the frequency of the arrhythmia are greater 
than when PVCs are frequent. Therefore, a greater 
increase in the number of PVCs is required for the 
former to document a proarrhythmic effect. For exam- 
ple, if at baseline 10 to 50 PVCs/hr are present, then 
a tenfold increase in PVCs/hr must develop during 
treatment to be considered proarrhythmic. However, 
if more than 300 PVCs/hr are present at baseline, then 
a threefold increase is required. For nonsustained VT, 
the number of events per day must increase tenfold to 
20-fold in frequency.” Some drugs may decrease the 
frequency of arrhythmias at rest; however, they may 
also increase the frequency and severity of an arrhyth- 
mia during exercise. Ideally, therefore, for Holter mon- 
itoring the ECG should also be recorded during 
exercise 22 331 

Proarrhythmic effects are often associated with 
higher drug doses, and therefore it is generally recom- 
mended that the lowest effective dose be used.?”* 327-329 
Although the diastolic rate of drug dissociation is not 
dependent on drug concentration, onset kinetics is 
related. This means that class Ia and Ic drugs that have 
slow unbinding (i.e., offset) kinetics will attain rapid 
binding (i.e., onset) kinetics with higher doses. As a 
result, more drug will accumulate and result in toxicity 
or proarrhythmic effects. However, in some circum- 
stances, low drug doses with low plasma concentrations 
may actually potentiate an arrhythmia (e.g., quinidine 
and procainamide). 

Arrhythmias that are induced by drugs can be due 
to potentiation of the underlying mechanism or gener- 
ation of a new mechanism. In drugs that slow conduc- 
tion, instead of creating bidirectional block and abol- 
ishing the VT, re-entry can be potentiated. Such an 
action can occur with class Ia and Ic agents. Increases 
in the dispersion of refractoriness as evidenced from 
increases in QT dispersion have been documented 
with class Ia and class III drugs.** 


TORSADES DE POINTES. This specific ventricular arrhythmia 
is characterized by a rapid, polymorphic VT that appears to 
twist around the baseline.’ Torsades de pointes has been 
associated with class Ia, class Ic, and class III drugs when 
Purkinje fibers and midmyocardial cells develop early after- 
depolarizations because of coexisting hypokalemia, pre- 
existing QTinterval prolongation, or bradycardia.?** ° It 
may also may be caused by dispersion of refractoriness. Sota- 
lol has a greater incidence of torsades de pointes than amio- 
darone because it prolongs the Purkinje fibers disproportion- 
ately more than myocardial cells.’ Amiodarone does the 
converse, and it is this effect that may explain the lower 


incidence of proarrhythmia with amiodarone.” The reverse 
use-dependence of sotalol also increases its proarrhythmic 
tendency, and because amiodarone does not exhibit this 
action but is effective at all stimulation frequencies, again 
has less of a proarrhythmic effect.” This potentially fatal 
arrhythmia is not necessarily associated with high drug levels 
but may develop at low dosages and low plasma drug concen- 
trations. 


SELECTED CANINE CARDIAC DISEASES 
WITH ARRHYTHMIAS 


BOXER CARDIOMYOPATHY 


CLINICAL OVERVIEW. Affected boxer dogs can present 
with syncope or weakness or CHF or remain asympto- 
matic for long periods.” Dogs experiencing syncope 
frequently appear normal between episodes. Although 
some affected dogs have supraventricular arrhythmias, 
syncope usually results from rapid, sustained VT. Col- 
lapse is usually associated with exercise, stress, or ex- 
citement, and this is when VT is frequently docu- 
mented (Fig. 18-21). The VI and PVCs of boxer 
cardiomyopathy usually have a distinctive left bundle 
branch morphology similar to that observed in hu- 
mans with right ventricular outflow tract VT. Some 
boxers may have only PVCs documented for years be- 
fore VT is encountered. The value of treating boxer 
dogs that have only PVCs is unknown, and the natural 
history of this disease has not been described. Boxers 
with VT have a high risk for sudden death, and treat- 
ment is recommended. 


THERAPY. Because the sympathetic nervous system 
influences initiation of VT in these dogs, drugs that 
block sympathetic tone may be of greater benefit than 
drugs devoid of this action. Mexiletine (4 to 8 mg/kg 
q 8 hr PO) combined with atenolol (12.5 to 25 mg q 
12 to 24 hr PO) has decreased the frequency of VT 
and abolished syncope in some affected boxers. Based 
on more limited experience, amiodarone or sotalol 
has been found to have similar favorable results. How- 
ever, each of these treatment regimens is currently 
more expensive than procainamide (10 to 20 mg/kg 
q 8 hr PO) combined with propranolol (0.5 to 1.0 
mg/kg q 8 hr PO),”** which in some dogs results in an 
adequate response. Treatment is for the life of the 
dog. Some dogs will go years with medically controlled 
arrhythmias but eventually develop myocardial failure 
and congestion. Arrhythmias may be exacerbated 
when CHF is present, requiring additional therapies 
(see chapters 12 and 27). 


DILATED CARDIOMYOPATHY IN DOBERMAN 
PINSCHERS 


CLINICAL OVERVIEW. Doberman pinschers with myo- 
cardial dysfunction can die suddenly.** 3 The cause 
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of death usually is suspected of being VT that degener- 
ates into VF, although bradycardias may be the cause 
in some cases. VT in the Doberman does not have a 
distinctive morphologic characteristic. Monomorphic 
or polymorphic VT is common. 


THERAPY. Successful antiarrhythmic management can 
be difficult because of concurrent heart failure and 
systolic dysfunction. Therefore, use of antiarrhythmic 
drugs (i.e., quinidine, d-sotalol) that have potential 
negative inotropic effects may result in decompensa- 
tion. Consideration of potential drug interactions 
(e.g., digoxin and quinidine) is important. Advice in 
this circumstance is to control the CHF and then treat 
with an antiarrhythmic as needed, with close follow-up 
to assess response (see chapters 12 and 17). 


SUDDEN DEATH IN GERMAN SHEPHERDS 


CLINICAL OVERVIEW. Inherited ventricular arrhythmias 
and a proclivity for sudden death have been identified 
in German shepherd dogs.'* 230-233, 336349 Affected ani- 
mals do not have syncope. Sudden death, which most 
often occurs during presumed sleep or when the dog 
is at rest, is the only observed physical indication of 
the disorder,’* 2% Dogs usually die between 4 and 18 
months of age, and the postmortem examination does 
not reveal the cause of death.” Physical examination 
is usually normal unless an arrhythmia is detected. 
Since arrhythmias are dependent on behavior and 
heart rate, a routine ECG will reveal arrhythmias in 
only the most severely affected animals. Diagnosis usu- 
ally requires Holter monitoring,* '* ? although even 
this may not identify all affected dogs because the 
arrhythmias are also age dependent.” Standard ECG 
measurements, chest radiographs, biochemical pro- 
files, and echocardiography are normal. 

Affected dogs have a spectrum of ventricular ar- 
thythmias. Dogs at risk for sudden death have VT that 
is rapid, polymorphic, nonsustained, and preceded by 
a pause.” * Therefore, the frequency and severity of 
arrhythmias are greater during periods of pronounced 
sinus arrhythmia. Slowing of the heart rate by direct 
vagal stimulation or through stimulation of barorecep- 
tors with a-adrenergic agonists enhances the VT.*#° 
Some dogs have slower (200 to 250 beats/min), mono- 
morphic, sustained VT whereas others have only single 
PVCs.2°°: 233 

Dogs usually do not have arrhythmias before 12 
weeks of age.’ Thereafter, arrhythmias can be de- 
tected, and the frequency of ventricular arrhythmias 
increases such that the greatest number occur between 
24 and 30 weeks of age. Subsequently, a portion of 
dogs remains fairly static in the frequency and severity 
of their arrhythmias, whereas others develop progres- 
sively more severe arrhythmias and die suddenly.?*° 73 
Other dogs as they age have a reduction in the fre- 


quency of the arrhythmias, even to the point of never 
having arrhythmias again after 18 months of age.**”** 
Arrhythmias are most frequent during rest or sleep. 
Multiple factors determine the frequency of the ar- 
rhythmias during certain behavioral states.'* Excite- 
ment and ambulating presumably are accompanied by 
high sympathetic tone and vagal withdrawal, which 
would account for fewer sinus pauses during these 
behaviors. This is in contrast to the slower heart rate 
and frequent sinus pauses that occur during sleep. 


MECHANISMS. German shepherd dogs with VT have abnor- 
mal sympathetic innervation to the heart and early afterde- 
polarizations.**” ° Scintigraphy using '*"J-metaiodobenzylgu- 
anidine (MIBG) has revealed abnormal distribution of 
sympathetic innervation in affected dogs.™” Lack of innerva- 
tion also was confirmed by immunocytochemical staining of 
tyrosine hydroxylase in sections of heart muscle. Histologic 
examination has revealed markedly reduced numbers of sym- 
pathetic nerve terminals in areas of the heart that failed to 
take up MIBG. Purkinje fibers located in the areas of the 
heart lacking innervation develop triggered activity second- 
ary to early afterdepolarizations, and this is one mechanism 
for the initiation of the VT.” Delayed afterdepolarizations 
may be involved as well. Preliminary studies reveal that af- 
fected dogs have excessive B-adrenergic receptors when com- 
pared with age-matched control dogs. Such a situation would 
predispose to arrhythmogenic effects of the sympathetic sys- 
tem; perhaps this would be enhanced during concomitant 
increased parasympathetic activation. 


THERAPY. Most affected dogs do not require treat- 
ment because (1) arrhythmias are not associated with 
clinical signs, (2) the incidence of arrhythmias in most 
affected dogs is low, and (3) after the animals are 18 
months old, the probability of death is low.” However, 
dogs with frequent episodes of rapid VT (>10 runs/ 
24 hr) have a high probability of death, with more 
than half of these dogs dying suddenly. Unfortunately, 
a single oral medication has not been identified that 
consistently prevents sudden death. Intravenous lido- 
caine is very effective in acutely abolishing the arrhyth- 
mias; however, long-term treatment with a variety of 
antiarrhythmics has yielded mixed results. Some antiar- 
rhyth-nics that prolong the action potential duration, 
such as sotalol, may actually provoke the arrhythmias. 
Pacing to keep the heart rate above 130 beats/min 
does reduce the frequency of VT but may not effec- 
tively prevent sudden death in severely affected dogs. 
No consistently effective oral drug has been identified 
to treat affected dogs with VT. Initial therapy with 
mexiletine is generally recommended, combined with 
a follow-up by continuous (Holter) ECG recordings to 
document its effectiveness. Also, once a severely af- 
fected dog reaches the age of 2 years, then withdrawal 
of the drug is possible. If an affected dog requires 
anesthesia, the VT is usually controlled (unless the dog 
is severely affected) as long as parasympatholytic agents 
are given. 
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COMMON CLINICAL CONDITIONS 
ASSOCIATED WITH VENTRICULAR 
ARRHYTHMIAS 


CONGESTIVE HEART FAILURE 


Ventricular arrhythmias are common in dogs with 
CHF due to dilated cardiomyopathy (chapter 27) and 
chronic, acquired valve disease (endocardiosis) (chap- 
ter 25). In humans, nonsustained VT is an indepen- 
dent marker of increased mortality due to sudden 
death in states of CHF.*" Arrhythmias may occur with 
heart failure because of myocardial hypertrophy, 
fibrosis, local ischemia, electrolyte imbalances, cate- 
cholamines, or myocardial stretch.?** 3 Myocardial hy- 
pertrophy can result in slowed conduction and hetero- 
geneous increases in refractoriness, both of which 
contribute to re-entry. Similarly, fibrosis provides the 
substrate for re-entry because conduction velocity is 
slowed by decreasing the electrical coupling between 
cells. Hypertrophy also prolongs the action potential 
duration, making triggered activity more likely.” With 
heart failure, prolonged action potential duration and 
abnormal repolarization are believed due in part to a 
reduction in the inward rectifier Kt current Ix, and 
I,,.2*” These changes are not necessarily uniform in the 
failing heart, which leads to increased dispersion of 
refractoriness that predisposes to re-entrant arrhyth- 
mias. 

Hypokalemia and hypomagnesemia have been impli- 
cated as causes for arrhythmias in CHF. Increased cate- 
cholamines are arrhythmogenic as they increase intra- 
cellular calcium, causing delayed afterdepolarizations, 
and increase heterogeneity of recovery times, causing 
re-entry. Stretching of myocytes increases abnormal 
automaticity and triggered activity.” %4 


GASTRIC TORSION/VOLVULUS, HEAD 
TRAUMA, SPLENIC MASSES, AND CARDIAC 
TUMORS 


Dogs with these conditions can develop ventricular 
arrhythmias. Electrolyte imbalance, poor coronary per- 
fusion, catecholamines, and circulatory shock contrib- 
ute to the arrhythmogenesis of gastric torsion/volvu- 
lus. The reason for ventricular arrhythmias in dogs 
with cranial trauma is hypothesized to be due to exces- 
sive myocardial catecholamine levels, resulting in small 
myocardial infarctions. Because of the link between 
the CNS and the heart in the generation of ventricular 
arrhythmias, the term “brain-heart syndrome” has 
been used. The mechanism for the arrhythmias associ- 
ated with splenic masses is unknown, although micro- 
scopic metastasis of tumor to ventricular myocardium 
has been detected in some dogs with splenic hemangi- 
osarcoma (Fox PR, personal communication, 1998). 


Cardiac tumors can cause regional conduction delay 
and enhance the substrate for re-entry. 


THERAPY. In these conditions, treatment involves 
managing the underlying diseases. Pharmacologic 
management and stabilization of the heart failure state 
(chapter 12) can decrease the frequency of arrhyth- 
mias.” Antiarrhythmic therapy has been associated 
with greater mortality in humans with CHF,*®# and even 
assessment of antiarrhythmic drug efficacy may be dif- 
ficult owing to high day-to-day variability in arrhythmia 
frequency.* *47 In contrast, dogs with gastric torsion 
and brain-heart syndromes may require short-term IV 
antiarrhythmic drug therapy with lidocaine when se- 
vere VT is encountered. With brain-heart syndrome, 
the use of B-adrenergic blockers has been advocated 
by some clinicians, although clinical data are lacking. 
Most ventricular arrhythmias associated with splenic 
masses are not severe. However, if dangerous VT is 
present, pre- and intraoperative IV lidocaine adminis- 
tration is advocated. After splenectomy, antiarrhythmic 
therapy is usually not required. When cardiac tumors 
are associated with ventricular arrhythmias, pharmaco- 
logic therapy is frequently unrewarding, and life-threat- 
ening VT can occur in advanced cases. 


BRADYARRHYTHMIAS 


CLASSIFICATION OF BRADYCARDIAS 


The most common bradyarrhythmias that demand 
treatment include marked sinus bradycardia, sinus 
node dysfunction (sick sinus syndrome), high-grade 2° 
AV block, 3° (complete) AV block, and persistent atrial 
standstill. 


SINUS BRADYCARDIA 


DEFINITION, ECG FEATURES. The parameters of sinus 
bradycardia (SB) will vary depending on the breed 
and personality of the dog. As a general guideline, it 
is present when (1) heart rate is less than 60 beats/ 
min in an awake yet calm large-breed or athletic dog, 
or (2) heart rate is less than 90 beats/min in a nervous 
small-breed dog. The circumstances under which the 
heart rate is determined will influence the rate and 
must be factored into the deliberation. As discussed 
under the section on Holter monitoring, very slow 
sinus rates, exaggerated sinus arrhythmia, and long 
sinus pauses can be found during sleep in normal 
dogs.’* * The heart rate is likely to be slower when 
determined by auscultation in a quiet room than from 
the routine ECG recording. 

Exercise intolerance, weakness, syncope, or CHF 
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may result if the heart rate is excessively slow for a 
substantial period of time. The latter occurs when the 
SB is related to the sick sinus syndrome. Most dogs 
with SB have no clinical signs, or the signs are so 
insidious that they go unnoticed. Alternatively, SB may 
be detected in dogs that have other, more serious 
medical problems. While concern in these cases may 
be focused on an apparently slow heart rate, diminu- 
tion of blood flow to other organs and related clinical 
significance is often difficult to verify. 

Clinical signs should be correlated and matched 
with relevant ECG findings. This may require the use 
of 24-hour Holter monitoring, although even with this 
diagnostic test, discovery of an association may still be 
difficult if the signs are intermittent. An inappropriate 
sinus node response to exercise can be examined if 
the dog can be exercised and an ECG recorded imme- 
diately after. Ideally, such a test is performed with the 
dog wearing a Holter monitor. 

It may be difficult to ascertain whether SB is the 
result of vagotonia or pathologic causes. Some appreci- 
ation of the influence of the parasympathetic system 
can be obtained by challenge with a vagolytic drug 
such as atropine. Although SB caused by pathology 
will frequently respond somewhat, it will be less than 
that caused by physiologically mediated SB. Unfortu- 
nately, it is not clear what constitutes a full response 
to a parasympatholytic agent in dogs. Moreover, this 
will vary with the size and breed. Recommendations 
have included a 50 to 100 percent increase in heart 
rate (dependent on the initial heart rate), or achieving 
a heart rate above 150 beats/min. Atropine may be 
administered IV or IM (0.02 to 0.04 mg/kg). When 
low doses of atropine are used or the drug is injected 
rapidly IV, a paradoxic increase in vagus-induced 
bradycardia frequently results.** Also, a differential 
vagolytic effect may occur between the SA node and 
the AV node such that the sinus node discharge fre- 
quency increases before the conduction through the 
AV node accommodates to the increase. This results 
in varying degrees of AV block (Fig. 18-27). 


MECHANISMS. Sinus bradycardia may be physiologic, phar- 
macologic, or pathologic. Differentiation is important in for- 
mulating treatment decisions. Physiologic SB is a normal 
response to increased parasympathetic tone and decreased 
sympathetic tone as occurs during sleep. However, the SB 
may be a physiologic response to a pathologic condition that 
has resulted in excessive vagotonia. Such conditions include 
gastrointestinal (e.g., intestinal obstruction), central nervous 
system (e.g., elevated intracranial pressure), genitourinary 
(e.g., urethral obstruction), respiratory (e.g., lower airway 
obstruction) or pharyngeal (e.g., brachiocephalic syndrome) 
disorders.” Hypothermia and electrolyte imbalances such as 
hyperkalemia can cause SB.* Drugs such as B-adrenergic 
blockers, calcium channel blockers, narcotics, digoxin, IV 
contrast agents, or anticholinesterases can cause excessive 
SB. Pathology of the sinus node may be the result of infiltra- 
tive neoplastic or inflammatory disease. Alternatively, SB may 
exist as a primary problem and, therefore, part of the clinical 


syndrome classified as a sinus node disorder or sick sinus 
syndrome (SSS). 

Sinus bradycardia may be the result of decreased impulse 
initiation, slowed intranodal conduction, or exit block. In 
physiologic SB, acetylcholine decreases the automatic rate of 
diastolic depolarization that decreases impulse initiation. 
This occurs because the potassium channel Ixacu is activated, 
hyperpolarizing the membrane and bringing the sinus node 
P (pacing) cells farther from threshold.?*** Moreover, in- 
creased vagal tone decreases the slope of phase 4 depolariza- 
tion.**° Conduction in the sinus node is slow (2 to 5 cm/ 
sec), such that disease (i.e., fibrosis) that disrupts the 
intercellular connections could cause enough impairment to 
hinder conduction with the result of sinoatrial block. 

Exit block and sinus arrest are diagnosed when the dis- 
tance between P waves is some multiple of the basic sinus 
rate. Exit block means that a sinus impulse was initiated but 
it was unable to exit from the sinus node region to elicit 
depolarization of the surrounding atrial tissue. Diagnosis of 
exit block in the dog is very difficult because the underlying 
sinus arrhythmia prevents any consistent measurements of 
intervals between complexes. Similarly, the diagnosis of a 
sinus arrest (loss of impulse formation) is complicated by 
the varied P-P intervals that are characteristic of marked 
sinus arrhythmia. Furthermore, block in the sinus node may 
be Möbitz type I (Wenckebach) or type IIL.*®! With the for- 
mer, progressive P-P interval shortening that occurs before 
the dropped P wave is difficult to discern due to the sinus 
arrhythmia. The traditional rule that specified requiring 
twice the previous P-P interval to establish a diagnosis of 
sinus arrest or exit block is oversimplified. 


SINUS NODE DYSFUNCTION (SICK SINUS 
SYNDROME) 


DEFINITION, ECG FEATURES. Disorders of the sinus 
node are known as sinus node dysfunction or sick sinus 
syndrome (SSS). They result from inadequate impulse 
formation or conduction that, although influenced by 
autonomic tone, is pathologic. This disease primarily 
affects the sinus node, but abnormalities of the AV 
node and subsidiary pacemakers can coexist in both 
humans”? and dogs.*? The coexistence of abnormal 
subsidiary pacemakers means that very long pauses 
(excessively slow escape rate or rhythm) develop when 
the sinus node is not controlling the ventricular rate. 
When the sinus node fails to propagate, the next sec- 
ondary pacemaker to depolarize the heart should orig- 
inate from the junctional tissues. Although this occurs 
in dogs with SSS, escape beats frequently originate 
from Purkinje fibers or ventricular myocytes. 

Several ECG abnormalities can be grouped as SSS. 
These include nonphysiologic SB, chronotropic in- 
competence (inappropriate SB for the circumstances), 
sinus pauses, or SB with periods of SVT that is of 
nonsinus origin?” (see previous discussion under SVT) 
(Fig. 18-28). Excessively slow ventricular response 
rates have been recognized in some dogs with atrial 
fibrillation (see Fig. 18-13), but whether or not this is 
also associated with sinus node disease has not been 
documented. 
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FIGURE 18-27 


Lead II recordings from a dog 
with disease of the SA node. 
They demonstrate that AV nodal 
conduction can lag behind the 
increased sinus rate induced by 
the atropine. Because this dog 
had first-degree heart block at a 


eas ped outed A A AUN SANES 
nm 


sees evens tones vnspeperns faces nggs 3 Ebcis $2034 n n aby 


rate of only 120 beats/min, its 
AV node was abnormal in 
addition to the sinus node. (A) 
50 mm/sec; (B-D) 25 mm/sec; 1 
mV = I cm. (A) An escape beat 
(far right), probably originating 
from junctional tissue, breaks a 5- 
second pause in the rhythm. (B) 
Two minutes after atropine 
administration (0.04 mg/kg IM), 
negative P waves are evident 
(indicating that the origin was 
low in the atrium and most likely 
near the coronary sinus) with 2:1 
AV nodal block. (C) Ten minutes 
after atropine administration, the 
P waves became positive with 2:1 
and 3:1 AV block. (D) Eighteen 
minutes after atropine, AV nodal 
conduction was 1:1 with first- 
degree block. Heart rate was 120 
beats/min. 


CLINICAL PRESENTATION, AS previously discussed (see 
earlier comments on SVTs), SSS is most commonly 
identified in miniature schnauzers, West Highland 
white terriers, and dachshunds.*” Sick sinus syndrome 
is almost exclusively detected in middle-aged, female 
miniature schnauzers. Although a tachycardia can be 
a part of this syndrome, many dogs are presented with 
clinical signs due to SB or sinus pauses. Syncope is a 
common complaint and is associated with pauses of at 
least 8 seconds in duration. Some dogs will not have 
overt clinical signs, but bradycardia will be detected 
during routine physical examination. The prevalence 
of this subclinical (semi-) SSS is unknown. Such dogs 
should be followed for the development of clinical 
signs related to severe SB or sinus pauses. If the brady- 
cardia is marked—even if clinical signs have not been 
observed—clinical improvement is usually noted when 
these dogs are paced. It is important to note that many 
dogs with SSS also have mitral valve incompetence 
from endocardiosis, which must be considered within 
the overall diagnostic and treatment strategy. 


DIAGNOSIS. A common feature of SSS is prominent 
sinus pauses that may occasionally be captured on a 
lead II ECG rhythm strip. In many cases, extended 
Holter monitoring coupled with a diary of clinical 
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signs can be pivotal in diagnosing SSS in a dog with 
syncope (Fig. 18-28). When clinical signs are infre- 
quent, more extensive monitoring, including 24 to 48- 
hour Holter recordings, is usually required. 

An autonomic (extrinsic) component may contrib- 
ute to the pathophysiology of SSS in which a dog 
exhibits an excessive response to enhanced vagal tone. 
As described under SB earlier, recording an ECG after 
atropine administration can help determine whether 
intrinsic sinus node disease exists. That is, physiologi- 
cally mediated SB due to vagotonia will be highly re- 
sponsive to the vagolytic effects of atropine, whereas 
with sinoatrial node pathology, the response will usu- 
ally be blunted. Although the sinus pauses that occur 
in some dogs can be eliminated with atropine, such 
responses do not mean that the SSS is benign, and 
in most cases, pacemaker implantation is still usually 
required. Vagal maneuvers cause marked SB or the 
induction of sinus pauses greater than 3 seconds in 
duration in dogs with SSS. 

Another indication of true sinus node disease is a 
low intrinsic heart rate.” To determine the intrinsic 
rate, both the sympathetic and parasympathetic sys- 
tems are blocked. Propranolol is administered IV (0.01 
mg/kg) over 1 minute, and atropine is administered 
IV (0.04 mg/kg) over 2 minutes.” ** The spontaneous 
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FIGURE 18-28 


Holter ECG recordings from two dogs with abnormal sinus node function. (A and B) Two 
simultaneous leads recorded from a 4-year-old boxer with syncope. (A, B) Sinus pauses exceeding 10 
seconds are present. Runs of supraventricular (SVT) and ventricular tachycardia were later recorded. 
(C to E) Single lead Holter recording from a West Highland white terrier with sick sinus syndrome. 
Periods of SVT (C) were followed by long intervals of sinus arrest (D and E) that were associated 
with syncope. In this dog the SVT P waves were negative. However, because a P-R interval was 
present and since the arrhythmia persisted even with high-grade AV block, both typical and atypical 
AV nodal re-entrant tachycardia were ruled out. A low atrial origination of the SVT would explain 
the negative T waves. A pacemaker controlled the bradycardia, but the SVT was resistant to 


antiarrhythmic therapies. 


inherent rate of the sinus node reported in the normal 
young dog is approximately 100 beats/min.® In 
humans,**! ° and probably in dogs, the intrinsic heart 
rate is influenced by age. 

The sinus nodal discharge rate is normally dominant 
over latent pacemaker cells. This is because the SA 
node depolarizes more rapidly, caused by a phenome- 
non called overdrive suppression. In the latter, prolonged 
suppression of normal SA nodal pacemaker cells is 
proportional to the rate and duration of a more rap- 
idly discharging pacemaker. The diseased sinus node 
is more susceptible to overdrive suppression than nor- 
mal, or to the effects of more negative surrounding 
latent pacemaker cells that control the heart rate.*** 


MECHANISMS. Fibrosis of the sinus node is one possible 


mechanism for the SSS. However, the location of the fibrosis 
may be of more importance than the amount,” ** because 
fibrosis develops with aging but does not always result in 
SSS.*° The previous discussions relating the nonphysiologic 
reasons for SB apply to the mechanism of SSS. 


OVERDRIVE SUPPRESSION. This results from driving a pace- 
maker cell faster than its intrinsic, spontaneous rate and is 
mediated by increased activation of the Na/K ATPase ex- 
change pump. This generates a net outward (hyperpolariz- 
ing) Na* current that suppresses spontaneous impulse forma- 
tion in subsidiary pacemaker cells. When the dominant 
pacemaker activity ceases, the subsidiary pacemaker activity 
is suppressed, creating a period of quiescence until the intra- 
cellular Na’ current diminishes enough to allow subsidiary 
cells to reach threshold and initiate the next impulse. Usually 
the pacemaker that depolarizes the fastest is the sinus node, 
but when it fails, subsidiary pacemakers are no longer sup- 
pressed and they can reach threshold. With SSS, the sinus 
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node can itself be suppressed, either by spontaneous SVT 


(tachycardia/bradycardia) or with electrophysiologic test- 
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ATRIOVENTRICULAR NODAL BLOCK 


DEFINITION, ECG FEATURES. Atrioventricular nodal 
block may be incomplete (1° and 2°) or complete (3°) 
(see chapter 6). Clinical signs are associated with ei- 
ther high-grade 2° or with 3° AV blocks. First-degree 
AV block or low-grade 2° AV block can occur in elderly 
dogs (especially the cocker spaniel), young puppies, 
or brachycephalic breeds without causing clinical signs. 


CLINICAL PRESENTATION. The severity of the clinical 
signs depends on (1) the severity of heart block, (2) 
the rate of the intervening escape rhythm, and (3) the 
state of underlying myocardial function or concomi- 
tant cardiovascular disease. Clinically affected dogs are 
most frequently older, although rarely puppies are 
identified with congenital heart block. Although some 
dogs with advanced AV block may be asymptomatic, 
most have exercise intolerance, weakness, syncope, or 
CHF. Jugular distention or pulses may be identified. 
The loudness of the first heart sound will fluctuate 
with the varied timing of ventricular and atrial systole. 
As myocardial function is usually normal and the slow 
heart rate facilitates maximal ventricular diastolic fill- 
ing, one can usually palpate very strong-to-bounding 
femoral arterial pulses and demonstrate a high frac- 
tional shortening by echocardiography. Radiography 
and echocardiography frequently reveal cardiomegaly 
that reverts toward normal (unless cardiomyopathy or 
endocardiosis is present) after successful pacemaker 
therapy. 


MECHANISM. Fibrosis or occasionally inflammation of the 
AV node is usually associated with advanced heart block 
(chapter 36). The AV node normally conducts slowly and has 
decremental conduction—that is, the depolarization wavefront 
diminishes progressively as it travels in through the AV 
node.” This feature, combined with its structural character- 
istics of small, sparsely distributed fibers interconnected in a 
complex network, makes AV nodal impulses susceptible to 
block when fibrosis or inflammation is present. 


ATRIAL STANDSTILL 


DEFINITION, ECG FEATURES. Atrial standstill occurs 
when the atria fail to depolarize from a sinus-initiated 
impulse. P waves are not present on the ECG, and 
junctional or ventricular escape beats are responsible 
for ventricular depolarizations. The English springer 
spaniel is a breed at risk for this arrhythmia. These 
dogs may concurrently have temporal muscle atrophy. 
Biatrial enlargement and congestive heart failure may 
occur. 


MECHANISMS. Although P waves are consistently absent on 
the ECG, the sinus node usually continues to fire but is 


ineffective in depolarizing the atria and penetrating the AV 
node. In English springer spaniels, the atrial myocardium is 
replaced by fibrosis. If intracardiac recordings reveal atrial 
electrograms, some atrial muscle exists that is capable of 
depolarizing, although it is not able to propagate an impulse 
to the AV node. 


THERAPY 


Permanent pacemaker implantation is the ideal 
treatment (see chapter 20) for SSS (which includes 
pathologic SB); high-grade 2° AV block; 3° (complete) 
AV block; and persistent atrial standstill. Pharmaco- 
logic therapy is usually of limited value. However, para- 
sympatholytic (e.g., atropine, glycopyrrolate) or sympa- 
thomimetic (e.g., isoproterenol, dobutamine) agents 
are sometimes administered in hopes of increasing the 
ventricular response rate and reducing signs associated 
with severe bradyarrhythmias. When possible, specific 
therapies directed to correct underlying diseases asso- 
ciated with vagotonia are given. In dogs and humans,** 
treatment of SSS with theophylline has occasionally 
resulted in clinical improvement. Anecdotal reports of 
other therapies have included terbutaline. The bene- 
ficial result of these therapies is usually limited by 
tachyphylaxis. 

Although parenteral administration of parasympa- 
tholytic drugs such as atropine may reduce the SB and 
sinus pauses in some dogs with SSS, long-term control 
using oral therapies is disappointing. During pace- 
maker implantation if temporary pacing is not avail- 
able, atropine is sometimes administered in an effort 
to increase the heart rate. However, atropine can also 
exacerbate the tachycardia/bradycardia syndrome in 
some dogs. Complete (3°) AV block is rarely responsive 
to parasympatholytic or sympathomimetic drugs. Ideal 
treatment involves temporary pacing and expedient 
permanent pacemaker implantation (chapter 20). 
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Diagnosis and 
Management of 
Feline Arrhythmias 


PHILIP R. FOX 
NEIL K. HARPSTER 


CLINICAL OVERVIEW 


Arrhythmias are often detected during evaluation and management of 
feline heart disease.’° In some cases they may constitute the principal 
focus of therapy (e.g., slow the ventricular rate in atrial fibrillation; reverse 
symptomatic bradycardia from complete atrioventricular block with pace- 
maker therapy; suppress electrically or hemodynamically unstable tachyar- 
rhythmias). Other conditions require only electrocardiographic monitoring 
to uncover arrhythmias that may require future therapy. Arrhythmias may 
completely resolve when the inciting disorder is identified and corrected 
(chapters 28, 33, 34).°1° 

Although feline arrhythmias are generally similar to those reported in 
dogs,'! !? their relative frequency and clinical significance may be dissimilar. 
Acquired cardiovascular diseases affecting dogs and cats are markedly differ- 
ent. For example, myocardial diseases most commonly affect cats, especially 
hypertrophic or restrictive cardiomyopathy (chapter 28). In contrast, dogs 
acquire myxomatous valvular degeneration (chronic atrioventricular valve 
insufficiency), dilated cardiomyopathy, or heartworm disease. Accordingly, 
these disorders influence the electrocardiagram (ECG) and related thera- 
pies. 


CONDITIONS ASSOCIATED WITH 
ARRHYTHMIAS 


Arrhythmias may be associated with cardiac as well as extracardiac diseases. 
Comparison of arrhythmia incidence between dogs and cats has not been 
reported. However, it is our experience that cats have a lower incidence of 
clinically significant arrhythmias compared with dogs. 


CONGENITAL HEART DISEASE 


Arrhythmias are not usually observed with congenital heart disease unless 
malformations are severe, pressure or volume overloads are significant, 
cardiomegaly is advanced, or congestive heart failure is present.” '* Some 
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TABLE 19-1 
Frequency of Cardiac Arrhythmias: Comparison of Feline Populations with Cardiomyopathy, 
Congestive Heart Failure, and Thromboembolism* 


Arrhythmia Type 


AV Node 
Supraventricular Ventricular Abnormalities 
Sinus Node 
Cardiomyopathy Total SVPC PSVT AF VPCs PVTachy Abnormalities 1°/2° 3° AVB 
Hypertrophic 205 10 (4.9)+ 8 (3.9)t  4(2.0)t 19 (9.3)+ 5 (2.4)f 3 (1.5)t 
with CHF 74 5 (6.8) 2 (2.7) 1 (1.4) 11 (14.9) 3 (4.1) 2 (2.7) 
with TBE 32 3 (9.4) 1 (3.1) 3 (9.4) 10 (31.3) 1 (3.1) 
with CHF & TBE 18 3 (16.7) 6 (33.3) 
Intermediatef 128 12 (9.4) 7 (5.5) 5 (3.9) 33 (25.8) 3 (2.3) 2 (1.6) 2 (1.6) 2 (1.6) 
1 (2.1) 2 (4.3) 
with CHF 47 7 (14.9) 2 (4.3) 1 (2.1) 18 (38.3) 2 (4.3) 
with TBE 19 3 (15.8) 2 (10.5) 5 (26.3) 2 (10.5) 
with CHF & TBE 8 3 (37.5) 1 (12.5) 5 (62.5) 
Dilatative 84 6 (7.1) 13 (15.5) 2 (2.4) 14 (16.7) 6 (7.1) 1 (1.2) 
with CHF 54 4 (7.4) 11 (20.4) 11.9) 9 (16.7) 1 (1.9) 
with TBE 3 2 (66.7) 


*Consecutive feline cases, Angell Memorial Animal Hospital (1985-1991). 

+Numbers in parentheses are the percent of cats in each group having that arrhythmia. 

tIntermediate cardiomyopathy is a classification of myocardial disease used by NK Harpster; it includes disorders similar to Restrictive Cardiomyopathy 
(chapter 28). 

SVPC, supraventricular premature complexes; PSVT, paroxysmal supraventricular tachycardia; AF, atrial fibrillation; VPCs, ventricular premature complexes; 
PVTachy, paroxysmal ventricular tachycardia, 1°/2°, first degree / second degree; 3°, third degree; AVB, atrioventricular block; CHF, congestive heart failure; 


TBE, thromboembolism. 


exceptions, such as tachyarrhythmias, may accompany 
ventricular pre-excitation'*'® or atrioventricular con- 
duction abnormalities associated with atrial or ventric- 
ular septal defects.” '* 


ACQUIRED HEART DISEASES 


CARDIOMYOPATHIES 


Myocardial diseases represent the most common cat- 
egory of feline heart disease.* * '° '? The incidence of 
associated arrhythmias recorded at two large veterinary 
institutions is illustrated in Table 19-1 and Figure 
19-1. From a survey at Angell Memorial Animal Hospi- 
tal in Boston (Table 19-1), arrhythmias were most 


In contrast, severe left axis deviation compatible with 
left anterior fascicular block was recorded in 11 per- 
cent of HCM cats but in none of the cats with myocar- 
dial failure. 


Comparison of Feline Arrhythmias 
Hypertrophic CM vs. Myocardial Failure 
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Sinus Tachycardia 
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Paroxys Ventric Tach 
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commonly recorded in the presence of congestive 10 AV Block 

i í : LBBB 
heart failure or thromboembolism. Ventricular extra- RBBB 
systoles were most prevalent, especially with decompen- mines 

;: . er 

sated cardiomyopathy. Supraventricular extrasystoles Å 
were the second most commonly recorded arrhythmia. % Cats with Arrhythmia % Cats with Arrhythmia 
From a survey of feline hypertrophic cardiomyopathy FIGURE 19-1 


(HCM) and myocardial failure at the Animal Medical 
Center in New York'™ (Fig. 19-1), ventricular extrasys- 
toles were recorded in approximately one third of 
affected animals. Supraventricular premature com- 
plexes were recorded in 15 to 25 percent of cats from 
both groups. First-degree AV block was observed in 
about half the cats from one population with myocar- 
dial failure, but in only one cat from a study of HCM. 


Graph contrasting arrhythmias recorded from two populations of 
cats at The Animal Medical Center with idiopathic hypertrophic 
cardiomyopathy and myocardial failure. APCs = atrial premature 
complexes; PSVT = paroxysmal supraventricular tachycardia; VPCs 
= ventricular premature complexes; LBBB = left bundle branch 
block; RBBB = right bundle branch block; LAFB = left anterior 
fascicular block. (*Data from Fox PR, Liu SK, Maron BJ: 
Echocardiographic identification of spontaneously occurring feline 
hypertrophic cardiomyopathy: An animal model of human disease. 
Circulation 92:2645, 1995; °data from Fox PR, unpublished, 1995.) 
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HYPERTHYROIDISM 


A wide variety of ECG changes have been reported 
with feline hyperthyroidism’ ® ® è 1-20 (chapter 34). 
Arrhythmias are especially prevalent when hyperthy- 
roidism is chronic, associated with severe serum thy- 
roid hormone elevation, cardiomegaly, and heart fail- 
ure. Classic ECG changes include sinus tachycardia 
(heart rate > 240/min), increased R wave amplitude 
(> 0.9 mV, lead II), atrial and ventricular arrhythmias, 
prolonged QRS duration, shortened Q-T interval, and 
intraventricular conduction disturbances. With increas- 
ing clinical awareness and earlier detection of hyper- 
thyroidism, this condition is now generally diagnosed 
sooner than in those patients reported in earlier litera- 
ture. Accordingly, the incidence and severity of ECG 
abnormalities are reduced. 


SYSTEMIC AND METABOLIC DISEASES 


Atrial myocardium and the sinoatrial node are very 
sensitive to effects of elevated potassium.*’ Severe hy- 
perkalemia causes atrial standstill and a sino-ventricu- 
iar rhythm (see Figure 33-7) that may be complicated 
by acidosis and other electrolyte alterations. Hyperka- 
lemia is a common extracardiac cause of feline arrhyth- 
mias. This is most prevalent with urethral obstruction 
from feline lower urinary tract disease, whereas acute 
renal failure and hypoadrenocorticism are less fre- 
quent etiologies. Reperfusion following arterial throm- 
boembolism may represent a more common cause of 
hyperkalemia than previously realized.” 


CONSEQUENCES OF 
ARRHYTHMIAS 


Arrhythmias are clinically deleterious when they 
cause hemodynamic impairment or degenerate into 
electrically unstable forms.?! Many arrhythmias cause 
no perceptible clinical signs. Others result in lethargy, 
episodic weakness, syncope, or shock; contribute to 
or exacerbate congestive heart failure; or cause sud- 
den death. Coexisting conditions such as acquired or 
congenital heart disease or systemic disorders may 
heighten or exacerbate their adverse hemodynamic 
effect and contribute to morbidity and mortality. 

Certain physiologic variables such as cardiac preload 
and afterload and inotropic, and lusitropic status will 
influence the clinical effect that an arrhythmia might 
produce (chapters 3, 11). Since cardiac output is the 
product of heart rate and stroke volume, excessively 
slow (< 100/min) or rapid (> 280/min) heart rates 
can reduce cardiac output, especially when underlying 
myocardial disease is present. Asynergy resulting from 
uncoordinated atrioventricular activation and contrac- 


tion may affect ventricular filling, decrease cardiac pre- 
load, and ultimately reduce cardiac output. Most sus- 
tained tachyarrhythmias increase cardiac work and 
associated myocardial oxygen demand in the face of 
reduced coronary perfusion. This results in myocardial 
ischemia, which can lead to further reduction in myo- 
cardial contractility—the potentially reversible ‘“‘cardio- 
myopathy” of tachycardia.” Asynchrony between atrial 
and ventricular filling and contraction reduces cardiac 
performance. Loss of atrial contribution to filling, as 
caused by atrial fibrillation, may significantly reduce 
cardiac output.” The frequency and duration of ar- 
rhythmia are additional factors affecting cardiac func- 
tion and clinical signs. For example, very brief parox- 
ysms of tachycardia or bradycardia (i.e., 2 to 5 sec) 
may not result in clinical signs, whereas longer or 
sustained arrhythmia may cause weakness, syncope, or 
heart failure. 


GOALS OF ANTIARRHYTHMIC THERAPY 


When pharmacologic intervention is warranted, the 
goals of therapy should be to (1) terminate or suppress 
symptomatic tachycardia or bradycardia, (2) provide 
prophylaxis against recurrence, and (3) reduce ar- 
rhythmia-associated morbidity and mortality (see also 
chapter 18). Unfortunately, few data exist regarding 
optimal antiarrhythmic treatment. 


APPROACH TO THE CAT WITH 
ARRHYTHMIAS 


Arrhythmia detection is hampered by some of the 
unique qualities of felines and their cardiovascular 
diseases. Firstly, compared with dogs, cats display fewer 
classic recognizable signs of heart failure and do not 
cough with pulmonary edema. Secondly, their seclu- 
sive nature inhibits recognition of exercise intolerance. 
Thirdly, syncope and weight loss, common with canine 
heart failure, are uncommon with feline cardiac disor- 
ders. 

Heart murmurs that accompany feline myocardial 
diseases are usually soft and are easily missed during a 
hastily conducted physical examination. During auscul- 
tation, rapid feline heart rates may obscure gallop 
rhythms, and they make diagnosis of tachycardias and 
extrasystoles more difficult than in dogs, which have 
slower heart rates. 


HISTORY AND PHYSICAL EXAMINATION 


These are often overlooked and abbreviated, but 
when conducted well, they provide important clues 
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to the presence of cardiac disease (chapter 5). The 
incidence of serious rhythm disturbances increases as 
the severity of heart failure worsens (see Table 19-1). 
Syncope may be related to advanced atrioventricular 
block or tachyarrhythmia. Intermittent claudication or 
acute paresis can result from arterial thromboembo- 
lism. For reasons that are not clear, many cats vomit 
during congestive heart failure. Physical examination 
may disclose evidence of heart disease, including tachy- 
pnea, jugular venous pulses, weak or irregular femoral 
arterial pulses that vary in strength, cyanotic mucous 
membrane color, ascites and hepatomegaly, and hypo- 
thermia. Auscultatory abnormalities include lung 
crackles, muffled heart and lung sounds, heart mur- 
mur, gallop rhythm, and irregular, slow, or rapid heart 
rate. Due to the rapid feline heart rate, extrasystoles 
are usually heard as pauses, not “extra” beats. In the 
absence of clinical signs, evidence of a heart murmur, 
gallop rhythm, or an irregular heart rate provides suf- 
ficient justification for an electrocardiogram and addi- 
tional diagnostic tests. 


MINIMUM DATA BASE 


This is modified by the signalment, history, and 
physical examination. It generally includes an electro- 
cardiogram, thoracic radiographs, echocardiogram, 
blood pressure measurement, and serum thyroxine 
(T,) assay. Ancillary tests such as a biochemical profile, 
urinalysis, hemogram, fluid cytology, and heartworm 
test may be beneficial. 


ELECTROCARDIOGRAPHY 


In eupneic cats, the ECG is often recorded with the 
cat restrained in right lateral recumbency (chapter 6). 
In fractious animals, a nylon muzzle or an Elizabethan 
collar may be useful, although chemical restraint is 
sometimes necessary. Intravenous ketamine hydrochlo- 
ride (1 to 2 mg/kg) provides good short-term immobi- 
lization but is arrhythmogenic, especially in the pres- 
ence of heart failure or thyrotoxicosis. In dyspneic 
cats, stress must be avoided, and ECG recordings can 
be made with the cat standing or in sternal recum- 
bency. 

Because of the transient nature of many arrhyth- 
mias, a single rhythm strip or twelve-lead ECG re- 
cording may not disclose the abnormality. Chances for 
detection are increased in proportion to the frequency 
and duration of recordings. Sometimes, allowing the 
cat to stand up with the ECG leads remaining attached 
provokes some arrhythmias by transiently increasing 
stress. When not successful, hospitalizing the cat for 
frequent rhythm strip recordings may increase diag- 
nostic opportunities. Alternatively, ECG telemetry is 
generally well tolerated, or 24-hour Holter recordings 
may be beneficial.?” 


STEPS TO ASSIST ARRHYTHMIA 
DIAGNOSIS 


Diagnosis of some arrhythmias can be enhanced 
by certain steps, actions, and observations. These are 
outlined next. 


VAGAL MANEUVERS 


Vagal stimulation allows for dynamic modulation of 
heart rate and AV nodal conduction. Parasympathetic 
discharge releases acetylcholine, which slows the sino- 
atrial (SA) nodal discharge rate and prolongs AV nodal 
conduction time and refractoriness.”* In some arrhyth- 
mias caused by the re-entry mechanism, increased va- 
gal tone may alter re-entry pathway refractoriness and 
terminate the supraventricular tachycardia. Sinus 
tachycardia slows gradually during vagal stimulation 
and returns to the previous rate when the maneuver is 
discontinued. Vagus-induced slowing of AV conduction 
may expose atrial activity (P waves) by “unmasking” 
previously unidentifiable P waves from preceding T 
waves by transiently slowing the heart rate. Vagal ma- 
neuvers performed during simultaneous ECG re- 
cording include carotid sinus massage (preferred 
method) and eyeball pressure (rarely effective) (see 
Fig. 18-7). Facial immersion in cold water (dive reflex) 
and gagging are additional maneuvers used in hu- 
mans. Vagal maneuvers should be avoided when ad- 
vanced AV block or significant bradyarrhythmias are 
detected. 


PHYSICAL EXAMINATION FINDINGS: 
AUSCULTATION, PALPATION, AND 
BLOOD PRESSURE 


Elevations of jugular venous pressure can reflect 
increased right atrial pressure in right-sided CHF. Ab- 
normal jugular venous pulsations and associated giant 
(cannon) a waves may be noted with AV dissociation 
and complete AV block when the right atrium (RA) 
contracts against a closed tricuspid valve. During regu- 
lar supraventricular tachycardia, a consistent arterial 
pulse, blood pressure, and first heart sound are usually 
detected. In contrast, tachyarrhythmias causing vari- 
able AV conduction (e.g., atrial fibrillation, atrial flut- 
ter) cause inconstant arterial pulses, changing arterial 
blood pressure, and differing loudness of the first 
heart sound. 


TIPS AND CONSIDERATIONS FOR ECG 
EVALUATION 


ELIMINATE ARTIFACT. One of the greatest causes of 
ECG misinterpretation is artifact in the recorded ECG. 
By positioning the lead wires so they do not overlap, 
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cross, or lie over the cat, movement of these leads and 
associated motion artifact are eliminated. Restraint 
techniques that minimize movement but do not stress 
the cat should always be selected. 


USE CALIPERS, ECG RULERS, AND MAGNIFICATION FOR ECG 
ANALYSIS. The rapid feline heart rate and low-voltage 
ECG complexes may necessitate careful scrutiny of 
P-QRS-T intervals and measurements. Often, these 
cannot be adequately assessed by unaided visual in- 
spection. 


METICULOUSLY EVALUATE THE ECG. The entire ECG, in- 
cluding all leads, should be assessed. One should com- 
pare morphologic features recorded during the ar- 
rhythmia with similar wave forms recorded during 
sinus rhythm in the same leads. Careful scrutiny of 
QRS complexes and T waves must be made for “hid- 
den” P waves. 


STRESS ELECTROCARDIOGRAPHY. Certain arrhythmias 
may be provoked during stress or exercise. Care must 
be taken, and this maneuver should be avoided, if 
congestive heart failure is present. 


USE ADDITIONAL DIAGNOSTIC ECG LEADS. In addition to 
a lead II rhythm strip, a 10-lead ECG that includes 
precordial chest leads should be recorded." These 
may contain morphologic clues to P-QRS-T complex 
configuration. 


ARRHYTHMIAS: DIAGNOSIS 
AND THERAPY 


SINUS RHYTHMS 


NORMAL SINUS RHYTHM. In the healthy cat, normal 
sinus rhythm represents the basic underlying rhythm 
(in comparison, sinus arrhythmia is the most common 
canine rhythm). ECG characteristics include (1) regu- 
larly occurring P waves with less than 10 percent varia- 
tion between P and P intervals, (2) a fixed relationship 
between P waves and subsequent QRS-T complexes, 
and (3) a rate of 140 to 220/minute. 


SINUS TACHYCARDIA. This is characterized by heart 
rates greater than 220/minute in which the identical 
P-QRS-T relationships are maintained (see Figure 6- 
32). 


SINUS BRADYCARDIA. When the dominant pacemaker 
originates in the SA node but discharges at less than 
140 beats/minute (see Figure 6-34), sinus bradycardia 


is present. The standard P-QRS-T relationship is main- 
tained. 


SINUS NODAL DISTURBANCES 


ECG CHARACTERISTICS. Dysfunction of the sinoatrial 
(SA) node can reduce the pacemaker discharge rate, 
resulting in mild slowing to complete absence of SA 
node activity. The latter causes lack of atrial activation 
for one or more beats during the expected sinus 
rhythm and results in a pause recorded on the ECG. 
This is called sinus arrest, sinoatrial arrest, or sinus pause. 
It is characterized by a P-P interval that “straddles” 
the pause in the rhythm, and which does not equal a 
multiple of the basic P-P interval. Sinoatrial block or 
sinoatrial exit block occurs in the presence of “normal” 
sinus node function but with periodic failure of im- 
pulse conduction from the SA node to the sur- 
rounding atrial tissue. Like sinus arrest, sinoatrial 
block causes a pause in the rhythm owing to the ab- 
sence of a normally expected P wave. In contrast, 
however, the duration of the pause is an exact multiple 
of the basic P-P interval. Differentiating sinus arrest 
from sinoatrial block when sinus arrhythmia is present 
is difficult without direct sinus node recordings, an 
invasive and clinically unnecessary procedure.” 


ETIOLOGIES. Associated causes are varied and range 
from systemic and metabolic disorders to organic heart 
disease. Causes of vagotonia include brachycephalic 
breeds, upper respiratory infection or airway obstruc- 
tion, anterior mediastinal masses, and surgical manipu- 
lations. 


CLINICAL FEATURES. Only rarely are clinical signs at- 
tributable to sinus node dysfunction. Occasionally, 
lethargy, anorexia, or episodic weakness may be pres- 
ent. In most circumstances the condition may go un- 
recognized until the cat is presented for a routine visit 
or for some unrelated complaint. 


THERAPY. Treatment of sinus node dysfunction 
should be directed at the underlying cause. When it 
results from cardioactive drugs, lower dosages, alterna- 
tive agents, or drug withdrawal should be initiated. 
When secondary to general anesthesia, reduction of 
anesthetic depth is warranted; if unsuccessful, a para- 
sympatholytic drug such as atropine sulfate or glyco- 
pyrrolate may be administered. Sinus bradycardia re- 
sulting from surgical manipulation of cervical or 
cranial mediastinal structures can usually be counter- 
acted by more gentle tissue handling or use of para- 
sympatholytic agents. When sinus node dysfunction 
occurs due to organic heart disease, the response to 
drug therapy is frequently ineffective and unpredict- 
able. 
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SUPRAVENTRICULAR ARRHYTHMIAS 


ECG CHARACTERISTICS. The term “supraventricular” 
implies that the site of abnormal discharge originates 
in the atria proximal to the bundle branches, and it is 
used to describe both atrial and AV junctional ectopia. 
These arrhythmias generally have in common a QRS 
complex that is identical, or almost so, to the normal 
sinus-generated QRS complex, unless aberrant ventric- 
ular conduction is present, as occurs with atrial fibril- 
lation.” 

Nomenclature varies with respect to classification of 
supraventricular arrhythmias (chapter 6), and some 
controversy exists regarding terminology. Tachycardias 
are sometimes differentiated as to whether the QRS 
complexes are narrow (< 0.045 sec)—i.e., narrow QRS 
tachycardia, or wide—i.e., wide QRS tachycardia. Supra- 
ventricular is a broad term that encompasses arrhyth- 
mias originating in the atria or AV node. For the sake 
of clarity, a set of descriptive titles has been proposed 
for supraventricular arrhythmias (see Table 6-5). 


ETIOLOGIES. Supraventricular arrhythmias most com- 
monly result from conditions causing significant atrial 
enlargement. è Hypertrophic and restrictive cardiomy- 
opathies are most commonly responsible. Congenital 
heart diseases associated with severe volume overload 
and extracardiac disorders are occasionally causative. 
Congestive heart failure seems to enhance the inci- 
dence. Isolated supraventricular extrasystoles are com- 
mon in advanced heart disease, whereas tachyarrhyth- 
mias are less frequently detected. The latter may result 
from or contribute to the onset of cardiac decompen- 
saton. 


CLINICAL FEATURES. Rapid ventricular rates may cause 
hemodynamic impairment manifested as lethargy, hy- 
potension, heart failure, or collapse. This is somewhat 
dependent upon underlying cardiac function but is 
more likely to occur at ventricular rates greater than 


FIGURE 19-2 


Atrial premature complexes (APCs) recorded from 
two different cats with hypertrophic cardiomyopathy 
(lead II). (A) Premature P’ wave morphology is 
slightly different from the preceding normal P waves. 
(B) Premature P' wave is inscribed during the end of 
the preceding T wave, causing the latter to be 
enlarged and notched (arrow). The QRS complex is 
wider than normal, suggesting LV enlargement. In 
each cat, a noncompensatory pause follows the APC. 
The QRS morphology of the APCs here are slightly 
different from the normal complexes, suggesting 
aberrant conduction. Paper speed, 50 mm/sec; 

lcm = I mV. 
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250 to 270/minute. Syncope is occasionally associated 
with rapid ventricular rates, especially with hypertro- 
phic cardiomyopathy. 


ATRIAL EXTRASYSTOLES (Fig. 19-2) 


These premature complexes occur earlier ‘than ex- 
pected with QRS-T conformation identical to or very 
similar to the normal QRS morphology. Due to early 
depolarization of the sinus node by the supraventricu- 
lar premature discharge, the normal sinus pacemaker 
is reset causing a noncompensatory pause (i.e., the two 
P-P intervals encompassing the premature complex are 
shorter than the interval measured from two normal, 
expected P-P intervals). The term “supraventricular 
premature complex” is a broader term that includes 
extrasystoles that occur in the atria and AV node. 
They may occur singly, as two in succession (a pair or 
couplet), or as three or more in a series (a run). 


ATRIAL TACHYCARDIA (Fig. 19-3) 


This tachyarrhythmia is present when four or more 
supraventricular premature complexes occur in succes- 
sion, usually associated with a ventricular rate of 270 
to 400/minute. It may occur in short bursts or for 
prolonged periods. The term “supraventricular tachy- 
cardia” is sometimes applied as a broader term to 
encompass arrhythmias originating in the AV node. 
Vagal maneuvers may abolish some tachyarrhythmias 
or unveil P waves. 


ATRIAL FLUTTER 


Atrial flutter is a rare, generally transient tachyar- 
rhythmia characterized by (1) a rapid atrial rate whose 
P waves may display a saw-toothed morphology (flutter 
waves), and (2) variable atrioventricular conduction 
resulting in recognizable flutter (P) waves with an 
irregular ventricular rhythm. Sustained supraventricu- 
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FIGURE 19-3 


Paroxysmal supraventricular tachycardia recorded 


from two cats (lead II) with myocardial discase and 


severe left atrial enlargement. (A) A paroxysm of 5 


lar tachycardia may be difficult to differentiate from 
atrial flutter with a regular, fixed conduction pattern 
(ie. 1:1 or 2:1 conduction). Vagal maneuvers may 
assist in diagnosis. 


ATRIAL FIBRILLATION (Fig. 19-4) 


This serious arrhythmia is usually associated with 
cardiomyopathy in which significant atrial enlarge- 
ment is present. It is characterized by replacement of 
normal P waves with irregular and chaotic baseline 
fluctuations (fibrillation waves). Due to varying AV nodal 
and ventricular conduction, QRS complex morphology 
is often nonuniform. The ventricular rate may vary 
from 150 to 320/minute. 


PERSISTENT ATRIAL STANDSTILL 


This uncommon arrhythmia is usually associated 
with severe, long-standing heart disease. There is total 


FIGURE 19-4 


extrasystoles follows the second complex from the 
left. P’ waves are not readily identifiable. (B) APCs 
and paroxysmal supraventricular tachycardia are 
recorded. The premature P’ waves are identifiable 
and vary in morphology (compare with the normal P 
waves), suggesting atrial tachycardia. Paper speed, 

50 mm/sec; | cm = | mV. 


absence of P waves, bradycardia, and an escape rhythm 
of supraventricular or ventricular morphology.” 


THERAPY OF SUPRAVENTRICULAR 
ARRHYTHMIAS 


Isolated supraventricular extrasystoles are not sup- 
pressed per se. They are present in many cats with 
compensated myocardial disease and occasionally her- 
ald cardiac decompensation. Sustained or symptomatic 
supraventricular tachycardias are usually treated. If the 
diagnosis is uncertain with wide QRS complex tachycardia, 
initial vagal maneuvers may help distinguish supraven- 
tricular tachyarrhythmias with aberrant ventricular 
conduction from ventricular tachycardia by slowing 
the heart rate and unmasking hidden P waves, or by 
terminating the tachycardia. 

Vagal maneuvers may temporarily terminate certain 
supraventricular tachycardias. Sinus tachycardia may 
be temporarily slowed but not abolished. Ventricular 


Atrial fibrillation recorded from two cats (lead II) with severe left atrial enlargement associated with 
hypertrophic (A) and restrictive (B) cardiomyopathy. Both ECG recordings are characterized by an 
irregularly irregular tachycardia with absence of P waves. (A) The QRS complexes vary due to 
aberrant ventricular conduction (average heart rate, 240/min). (B) With a rapid tachycardia (heart 
rate, 200 to 300/min), the R-R interval irregularities are generally less noticeable. Paper speed, 


50 mm/sec; 1 cm = 1 mV. 


DIAGNOSIS AND MANAGEMENT OF FELINE ARRHYTHMIAS 393 


tachyarrhythmias are nonresponsive to vagal maneu- 
vers. 

Digoxin is usually administered for persistent supra- 
ventricular tachyarrhythmias. Oral digoxin, 0.031 mg 
(i.e., one fourth of a 0.125-mg tablet) daily or every 
other day for an average-sized cat* is usually combined 
with a B-adrenergic blocker or a calcium channel 
blocker. Doses are titrated to effect in order to reduce 
the ventricular rate or abolish the tachyarrhythmia. 
Due to renal elimination, kidney failure will reduce 
excretion and increase serum digoxin concentra- 
tion.*” ** Steady state digoxin blood levels are usually 
reached after approximately 7 to 10 days. Anorexia 
and depression are early signs of toxicity. ECG evi- 
dence of digoxin toxicosis generally includes first-de- 
gree AV block, although clinical toxicity may precede 
ECG changes; severe toxicity may cause advanced AV 
block, bradycardia, and arrhythmias. 

Calcium channel blockers slow AV nodal conduction 
and have been used with digoxin, with beta-adrenergic 


receptor blockers, or as monotherapy. Diltiazem has 
been the most widely used agent and is usually dosed 
at 7.5 mg bid to tid orally. As monotherapy, however, 
it rarely reduces the ventricular rate with atrial fibrilla- 
tion. 

Chronic management for tachyarrhythmias should 
be planned with complete knowledge of the underly- 
ing heart disease and general health status. Treatment 
must be tailored to meet individual patient needs. 
Control of the heart failure may itself be effective in 
terminating or controlling tachyarrhythmias. 


VENTRICULAR PRE-EXCITATION 
(Fig. 19-5) 


Ventricular pre-excitation syndrome occurs when an 
impulse bypasses the AV node and activates the whole 
or some portion of the atrium or ventricle earlier than 
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FIGURE 19-5 


Ventricular pre-excitation recorded 


from a clinically normal cat. The PR P 


interval is very short because the sinus- 


originated impulse is conducted 


through an accessory pathway, bypassing 


the AV node and its associated 


conduction delay. The QRS complexes pen =H 


are wide and tall. Slurring of the R wave 


upstroke is difficult to see but is F mas 


suggested in lead I, Paper speed 25 


mm/sec for all leads except lead H = 


rhythm strip (50 mm/sec); 1 cm = 


1 mV. ae 
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would be anticipated by passage of the impulse by 
way of the normal conduction pathways. A number of 
aberrant connections responsible for this syndrome 
have been reported. In the Wolff-Parkinson-White 
(WPW) syndrome, abnormal accessory atrioventricular 
pathways (Kents bundles) connect atria and ventri- 
cles.” °° Other abnormal AV pathways can partially or 
wholly short-circuit the AV node, resulting in acceler- 
ated AV conduction. These include atrio-His or atrio- 
fascicular tracts*! and Mahaim’s fibers, which pass di- 
rectly from the A-V node to the ventricle. Both the 
atrioventricular and atriofascicular varieties have been 
reported in the cat.' #16 32 


ECG CHARACTERISTICS. Ventricular pre-excitation may 
produce different ECG changes depending on the lo- 
cation and arrangement of accessory AV pathways. 
Common findings include (1) shortened P-R interval, 
usually less than 40 msec; frequently, the PR segment 
is totally missing or the P wave is transcribed at the 
base of the R wave upstroke; (2) the QRS configuration 
can vary based upon position of abnormal AV path- 
way(s) and the relative rates of AV conduction between 
abnormal and normal AV conduction pathways. The 
QRS interval is normal in the atriofascicular form but 
is prolonged in the other forms of pre-excitation. 
When the QRS interval is prolonged, some leads may 
show a slowly rising, slurred QRS upstroke, known as 
a delta wave, (3) intermittent or sustained tachyarrhyth- 
mias, termed AV re-entrant, circus movement, or recip- 
rocating tachycardia, may be present. Orthodromic AV 
tachycardia is the most common cause of reciprocating 
tachycardia. It consists of a circuit initiated by normal 
AV conduction through the AV node, His’ bundle, 
and the bundle branches, with subsequent retrograde 
ventriculoatrial (VA) conduction back to the atria by 
the abnormal AV pathway. 


CLINICAL FEATURES. Most affected cats have no clinical 
signs. Occasionally, paroxysmal or sustained tachycar- 
dia may occur with associated lethargy, anorexia, epi- 
sodic weakness, or collapse. The ECG waveforms may 
appear as wide-complex tachycardia and thus resemble 
ventricular tachycardia, making correct diagnosis chal- 
lenging. 


THERAPY OF VENTRICULAR PRE-EXCITATION 


Unless clinical signs or significant tachyarrhythmias 
are present, therapy is not advocated. Cats with symp- 
tomatic tachyarrhythmias should receive an initial va- 
gal maneuver. If ineffective, judicious intravenous ad- 
ministration of diltiazem or verapamil may be 
attempted and can be coupled with repeated vagal 
maneuvers. If still ineffective, then antiarrhythmic 
agents that depress conduction in abnormal pathways 
can be administered. Adenosine, digoxin, B-adrenergic 


blockers, and calcium channel blockers prolong AV 
nodal conduction time and refractoriness. Neither B- 
blockers nor calcium channel blockers directly affect 
conduction through accessory pathways. However, digi- 
talis can shorten refractoriness in accessory pathways 
and deleteriously speed ventricular conduction; there- 
fore, it should not be used. Drugs that prolong refrac- 
toriness in accessory pathways (e.g., quinidine, pro- 
cainamide) have been advocated in humans but have 
not been well-studied in cats. We have occasionally 
administered oral procainamide and quinidine in se- 
lected cases. Catheter or surgical ablation may be pur- 
sued at highly specialized centers if oral drug therapy 
is ineffective.'® 


ATRIOVENTRICULAR NODE 
DYSFUNCTION (Fig. 19-6) 


Normal atrial impulses travel by specific internodal 
tracts to the AV node, where impulse conduction is 
slowed before progressing through the bundle of His 
to the bundle branches and Purkinje system. The AV 
node is subdivided into the AN (atrionodal), the N 
(nodal), and the NH (nodal-His bundle) regions. Pro- 
gressive slowing of conduction”? begins in the AN re- 
gion and reaches a maximum in the N region. Then, 
conduction velocity gradually increases in the NH re- 
gion as the His bundle is approached.” This slowed 
conduction permits optimal timing for atrial depolar- 
ization and contraction, thereby obtaining maximal 
preload allowing atrial contribution to ventricular fill- 
ing, and somewhat inhibits conduction of rapid, atrial 
arrhythmias to the ventricles. Atrioventricular nodal 
abnormalities cause conduction impediment, called 
heart block. These may be characterized as incomplete 
(1° and 2°) and complete (3°) AV block. 


ECG CHARACTERISTICS. Atrioventricular block causes 
delay of impulse conduction through the AV node or 
interruption of electrical impulses from the atria to 
the ventricles. Depending on lesion severity, the block 
may be incomplete (1° or 2°) or complete (3°). 


FIRSEDEGREE AV BLOCK (Fig. 19-6A). Atrioventricular 
conduction is slowed as evidenced by PR interval pro- 
longation (>0.09 sec), but all impulses are conducted 
though the AV node into the ventricles. A consistent 
1:1 relationship is present between P waves and QRS- 
T complexes. 


SECOND-DEGREE AV BLOCK (Fig. 19-68, C; see also Figure 
6-20). There is failure of one or more atrial impulses 
to conduct to the ventricles. Two forms of 2° AV 
block occur: 
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FIGURE 19-6 


Examples of different forms of heart block from four cats (lead II). (A) First-degree (1°) AV block in 
a cat with hypertrophic cardiomyopathy. The PR interval measures 110 msec, which is prolonged 
(normal is = 90 msec). Heart rate is approximately 185/min. These changes were due to B- 
adrenergic blocker (propranolol) therapy. (B) Second-degree (2°) AV block (Mobitz II) in a cat with 
right bundle branch block. There is intermittent block of atrioventricular conduction as evidenced 
by P waves (P) without QRS complexes. The PR intervals are constant. (C) Advanced (high-grade) 2° 
AV block in a cat with syncope. (D) Complete (3°) AV block recorded from a cat with acute 
lethargy. There is no relationship between P waves and QRS-T complexes. A ventricular escape 


rhythm (approximately 100/min) is present. 


(1) Mobitz’s Type I (Wenckebach’s phenomenon) 2° AV 
block is characterized by progressive PR interval pro- 
longation until a beat is “dropped” (i.e., a P wave is 
present without an associated QRS-T complex) (see 
Figure 6-20). 

(2) Mobitz’s Type H 2° AV block shows a fixed P-R 
interval in conducted impulses with occasional failure 
of AV conduction (i.e., P wave without associated QRS- 
T complex) (Fig. 19-68). 


In advanced 2° AV block, two or more successive P 
waves are blocked (Fig. 19-6C). For example, in 3:1 
AV block, three P waves occur to each QRS-T complex. 
The P-R interval of conducted beats is usually constant 
but tends to be prolonged. 


THIRD-DEGREE AV BLOCK (Fig, 19-6D) represents total 
disruption of atrioventricular conduction. The atria 
and the ventricle beat independently of one another 
at their own intrinsic rates. The ventricular rate is 
usually substantially slower than the atrial rate and 
usually ranges from 60 to 100/minute. Its QRS-T con- 
figuration varies and is dependent upon the origin of 
the ventricular pacemaker tissue.**-*’ 


ETIOLOGIES. A variety of primary cardiac and extra- 
cardiac factors can be responsible (see Table 19-1).? * 
12,35 First-degree AV block and Mobitz’s Type I second- 
degree AV block may result from anesthetic agents, B- 
adrenergic receptor blockers, calcium channel block- 
ers (high doses), and digitalis glycosides. First-degree 
AV block is the most common ECG abnormality re- 
corded in cats with idiopathic myocardial failure. The 
remaining forms of 2° and 3° AV block more frequently 
result from organic heart disease, especially myocardial 
disorders. 

Clinically significant bradyarrhythmias are rare. 
When they occur, it is usually with organic heart dis- 
ease (cardiomyopathy). Associated pathology includes 
myocardial ischemia, infarction, fibrosis, or conduc- 
tion tissue infiltration. These changes cause sinus node 
dysfunction or disruption of the atrioventricular con- 
duction pathways. In other cases, bradyarrhythmias re- 
sult from severe systemic or metabolic illness. 


CLINICAL FEATURES. Advanced 2° and 3° AV block may 
be associated with lethargy, episodic weakness, or syn- 
cope. In some cats with significant pre-existing cardiac 
disease, the onset of advanced AV block may reduce 
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cardiac output and precipitate clinical signs or exacer- 
bate heart failure. Advanced 2° AV block tends to 
alternate with 3° AV block,** 7 and both tend to cause 
clinical signs over time. 


THERAPY OF ATRIOVENTRICULAR BLOCK 


Iatrogenic AV block caused by digoxin, B-adrenergic 
blockers, or calcium channel blockers may require 
dosage reduction or drug withdrawal. When hemody- 
namically significant AV block occurs under heavy se- 
dation or general anesthesia, anesthetic reduction or 
narcotic antagonist reversal is indicated. Parasympatho- 
lytic agents may be used in these circumstances if 
anesthetic reduction is unsuccessful. Short-term man- 
agement of symptomatic AV block can be attempted 
with intravenous constant rate infusion of a sympatho- 
mimetic agent (isoproterenol, 0.02 to 0.04 ug/kg/ 
min, or dopamine, 2-7 wg/kg/min [beware of a pres- 
sor effect at higher doses]) or parasympatholytic drug 
(atropine sulfate, 0.02 to 0.04 mg/kg; glycopyrrolate, 
0.005 to 0.01 mg/kg), but these agents rarely enhance 
AV conduction or reverse clinical signs. Temporary 
transvenous cardiac pacing may provide hemodynamic 
stabilization. Permanent pacemaker therapy is the only 
dependable treatment for the long-term management 
of symptomatic AV block (chapter 20).°°°* When AV 
conduction abnormalities result from organic heart 
disease, neither the underlying disorder nor the AV 
block is usually reversible. Exceptions include secon- 
dary myocardial disorders related to thyrotoxicosis 
(chapter 34), taurine deficiency (chapters 28, 32), and 
other noncardiac conditions (chapter 33). First-degree 
AV block and uncomplicated second-degree AV block 
do not require specific treatment as they cause no 
hemodynamic instability. Periodic ECG monitoring is 
advised. 
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VENTRICULAR ARRHYTHMIAS 
(Figs. 19-7, 19-8, 19-9) 


Ventricular extrasystoles and tachycardias are the 
most common feline arrhythmias (Fig. 19-1; see Table 
19-1).''? They originate distal to the bundle of His 
in either specialized conduction tissues, ventricular 
myocardial fibers, or both. Sustained or multifocal ven- 
tricular tachycardia possesses a great potential for elec- 
trical instability, or it may deteriorate into hemodynam- 
ically unstable ventricular flutter (Fig. 19-9A) and 
fibrillation (Fig. 19-98). 


ETIOLOGIES. Both extracardiac and primary cardiac 
disorders cause ventricular extrasystoles. Primary car- 
diomyopathies represent the most common form of 
associated heart diseases," °:'° whereas hyperthyroid- 
ism is the most frequently encountered form of sec- 
ondary myocardial disease.** Ventricular ectopia is in- 
creased with congestive heart failure. Systemic 
thromboembolism,' infarction,” and aging are also as- 
sociated with increased ectopia. 


ECG CHARACTERISTICS. Ventricular extrasystoles (1) are 
premature beats; (2) have abnormal morphology 
whose ectopic QRS complex is wide (> 65 msec), 
bizarre in shape, with a large T wave oppositely di- 
rected from the major QRS deflection; (3) are dissoci- 
ated from atrial activity (i.e., not conducted from a P 
wave); (4) may produce fusion beats (uncommonly in 
cats compared with dogs); and (5) usually produce a 
compensatory pause (Fig. 19-7A). They may occur singly, 
in pairs, or triplets (Fig. 19~7B, 19-8A). Four or more 
successive complexes constitute ventricular tachycardia 
(Fig. 19-8B, C). The QRS morphology can vary consid- 
erably according to site of origin, pathway of ventricu- 
lar depolarization, and factors affecting the ventricular 
conduction system. 


FIGURE 19-7 


(A) Ventricular premature complex (VPC) recorded 
from a cat with restrictive cardiomyopathy. The VPC 
is an early, ectopic complex that is wide and bizarre 
and has a large T wave oriented opposite to the QRS 
deflection. A compensatory pause follows the VPC. 
Lead II; paper speed, 50 mm/sec; } cm = | mV. (B) 
Multifocal VPCs recorded from a hyperthyroid cat 
sedated with ketamine hydrochloride. Lead II; paper 
speed, 25 mm/sec; | cm = 1 mV. 
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FIGURE 19-8 


Ventricular tachycardia (VT) recorded from three 


cats with myocardial disease (lead IT). (A) A short 
paroxysm recorded in an otherwise asymptomatic cat. 


Notice the P wave immediately preceding each VPC 


(arrows). These sinus-initiated P waves are not 


conducted to the ventricles and have no relationship 


to the following QRS complexes. This atrioventricular 


dissociation is a characteristic of ventricular 


extrasystoles. Paper speed, 25 mm/sec; 1 cm = 1 


mV. (B) Paroxysmal VT recorded from a cat with 


restrictive cardiomyopathy. The basic underlying 


arrhythmia is atrial fibrillation. A fusion complex 


(arrow) follows the paroxysm of VT. Paper speed, 25 


mm/sec; 1 cm = | mV. (C) Sustained ventricular 


tachycardia recorded from a cat with dilated 


cardiomyopathy. The rhythm is regular with a 
ventricular heart rate of 200/min. QRS-T complexes 


are wide and bizarre. Some P waves can be observed 
partially “hidden” in the T waves, which confers a 
small notch or hump to the T wave (atrioventricular 


dissociation). Paper speed, 50 mm/sec; 1 cm = 
l mV. 


CLINICAL FEATURES. Ventricular extrasystoles are fre- 
quently associated with underlying heart disease. Occa- 
sional ventricular premature contractions (VPCs) are 
commonly detected in older cats and are probably 
present in most animals with cardiomyopathy. Occa- 
sional extrasystoles cause no hemodynamic impair- 
ment or instability and require no treatment. However, 
they are generally deemed more important when 
multifocal or frequent in nature, although no studies 
have verified them as an increased risk factor in cats. 
When frequent VPCs accompany severe functional car- 
diac derangement, they contribute a negative hemody- 
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Hemodynamically and electrically unstable ventricular arrhythmias. 
(A) Ventricular flutter (>320/min) characterized by a continuous 
wave form, with inability to differentiate P-QRS-T waves. With onset 
of this arrhythmia the cat became moribund, hypotensive, and 
tachypneic. (B) Coarse ventricular fibrillation recorded during 
cardiac arrest. Oscillations are rapid and bizarre and lack any 
recognizable morphology. This arrhythmia is associated with total 
cessation of cardiac output and circulation. Paper speed, 50 mm/ 
sec; | cm = ] mV. 


namic effect, particularly when advanced myocardial 
failure is present. Ventricular tachycardia may exacer- 
bate or worsen congestive heart failure and cause epi- 
sodic weakness, collapse, or sudden death. It is gener- 
ally treated regardless of cause. 


THERAPY OF VENTRICULAR ARRHYTHMIAS 


For nonsymptomatic arrhythmias, thorough patient 
evaluation is advised to identify potentially reversible 
systemic or metabolic causes, and to assess underlying 
cardiac structure and function. Many cats with occa- 
sional ventricular extrasystoles or short-lived, paroxysmal 
tachycardia require no therapy. Treatment of asymp- 
tomatic cats is discouraged. 

In contrast, suppressive pharmacologic therapy is 
indicated if the arrhythmia is (1) electrically unstable 
(e.g, multifocal VPCs; R on T phenomenon in which 
the R wave of the VPC falls in the vulnerable portion 
of the preceding T wave; or sustained ventricular tachy- 
cardia); or (2) hemodynamically unstable (i.e., causes 
lethargy, episodic weakness, hypotension, syncope, 
shock, or congestive heart failure). Suppression of all 
extrasystoles is usually not possible or necessary. Treat- 
ment of heart disease should be optimized according 
to the cat’s individual requirements. Every attempt 
should be made to identify an underlying or precipitat- 
ing etiology for the arrhythmia, such as hyperthyroid- 
ism, when heart failure is not causative. Close commu- 
nication with the owner and regular patient follow-up 
are important. 


VENTRICULAR TACHYCARDIA OR MULTIFOCAL VPCS. Initial 
emergency pharmacologic therapy for life-threatening, 
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sustained ventricular tachycardia consists of lidocaine 
HCl, 0.25 to 1 mg/kg IV over 5 minutes, or in a l-mg 
bolus (up to a total of 4 mg for an average-sized cat).? 
Esmolol, 50 to 500 wg/kg IV bolus, or 50 to 200 pg/ 
kg constant rate infusion, may be added or used as 
monotherapy. This ultra short-acting B-blocker may be 
titrated to effect. A high sympathetic tone may require 
larger doses. The effects on heart rate after singular 
IV boluses may be less than a minute, depending upon 
dose and prevailing autonomic tone. If lidocaine or 
esmolol are ineffective, striking the chest over the left 
precordium (thumpversion) may occasionally termi- 
nate the arrhythmia, presumably by mechanically in- 
ducing a premature ventricular extrasystole that inter- 
rupts the re-entrant pathway. 

Chronic oral maintenance therapy, when required, 
is usually limited to B-adrenergic blockers such as pro- 
pranolol (2.5 to 10 mg every 8 to 12 hours) or atenolol 
(6.25 to 12.5 mg every 12 to 24 hours). Occasionally, 
procainamide (3 to 5 mg/kg every 8 to 12 hours) is 
added when monotherapy is ineffective and arrhyth- 
mia suppression is deemed critical. 


INTRAVENTRICULAR 
CONDUCTION ABNORMALITIES 


Cats with blunt thoracic trauma were reported to 
develop intraventricular conduction defects from 24 
to 72 hours after injuries were sustained. Myocardial 
necrosis was demonstrated in a small number of af- 
fected cats.” 
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Pacemaker Therapy 


N. SYDNEY MOISE 


INDICATIONS FOR PACING 


BRADYARRHYTHMIAS 


Symptomatic bradycardia is the primary indication for pacemaker therapy 
in dogs and cats.'* Although veterinary guidelines have not been established 
for animal pacemaker implantation, the indications are similar to those 
described in humans.'’ The two most common bradyarrhythmias in dogs that 
require pacemaker therapy are third-degree (3°) (complete) atrioventricular 
(AV) block and sick sinus syndrome (SSS) associated with bradycardia alone, 
or with the bradycardia-tachycardia syndrome (chapter 18). Less common 
bradyarrhythmia indications for pacing are persistent atrial standstill and 
high-grade second-degree (2°) atrioventricular block. High-grade block indi- 
cates that many P waves are not conducted to the ventricles (chapter 6). 

Development of clinical signs depends upon many factors, including 
whether the bradyarrhythmia is constant or intermittent, the slowness of the 
associated ventricular heart rate, the overall health of the pet, and severity 
of underlying cardiac disease, if present. Clinical signs may include lethargy, 
exercise intolerance, and syncope. In some animals, congestive heart failure 
(CHF) can develop, causing dyspnea, tachypnea, coughing, ascites, and 
progressive weakness. Experimental effects of 3° AV block in dogs provide 
important clinical insights and implications for therapy. Ventricular dilation 
occurs acutely, followed by eccentric hypertrophy in chronic stages. Conges- 
tive heart failure develops after 4 months of 3° AV block. Some animals 
develop syncope because of poor cerebral circulation when bradycardia is 
intermittent and profound. 

Some animals with bradyarrhythmias do not exhibit overt clinical signs at 
the time of physical examination. Consequently, the decision to recommend 
pacemaker implantation cannot be made solely on their presence or ab- 
sence. One must also take into account the severity of the rhythm disorder, 
its likelihood to degenerate, and the potential consequences of the related 
worst case scenario. Frequently, owners remark that their pets display re- 
newed energy and heightened levels of activity after successful pacemaker 
therapy. 


WHAT DEGREE OF BRADYCARDIA REQUIRES PACING. The degree of bradycardia 
at which pacemaker therapy is required varies between dogs and cats, and 
even among canine breeds (Fig. 20-1). Cats with 3° AV block frequently 
have junctional and ventricular escape rhythm rates of at least 100 beats/ 
min and sometimes exceeding 110 beats/min (Fig. 20-2). When these rates 
are sustained, many affected cats do not become symptomatic and may not 
require a pacemaker. However, cats with sustained heart rates of less than 
90 beats/min are usually lethargic or may develop CHE." In contrast, dogs 
with 3° AV block generally have ventricular escape rhythms of between 30 
and 60 beats/min, and these rates may decrease over time. This same 
observation has been made in humans.!? Dogs usually exhibit lethargy, 
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FIGURE 20-1 


Electrocardiograms recorded 
from dogs with symptomatic 
bradyarrhythmias. Paper speed, 
50 mm/sec. | mV = 1 cm. (A) 
High-grade second-degree (2°) 
AV block. The second P wave 
from the left conducts through 
the AV node, resulting in a QRS- 
T complex. Then, five successive 
P waves are blocked 
(nonconducted); the next (sixth) 
P wave again conducts and a 
QRS-T complex is recorded. (B) 
Third-degree (3°) [complete] AV 
block. Most dogs with 3° AV 
block have a stable escape 
rhythm greater than 30 beats/ 
minute, although some have long om 
periods of ventricular asystole as hAl sie as EN WW Ces a S; A 
illustrated here. This dog 2 ; GR n ee : í A 
experienced bouts of ventricular A i 

asystole for as long as 20 seconds, 
requiring emergency pacing. (C) 
Atrial flutter/fibrillation in this 
dog was associated with very slow 
conduction through the AV 
node, resulting in bradycardia 
and weakness. (D) Sick sinus 
syndrome was characterized by 
long sinus pauses. Ventricular 
escape beats rescue the heart 
from ventricular asystole. 


5 second pause 


VE 


FIGURE 20-2 


Electrocardiograms recorded from cats with bradyarrhythmias. (A) 3° AV block in an asymptomatic 
cat with a stable and consistent escape rhythm (107 beats/min). This cat did not clinically require 
pacing. Paper speed, 50 mm/sec. 1 mV = 1 cm. P, P wave. (B) Holter (24-hour ambulatory ECG) 
recording from a cat with frequent syncope and high-grade 2° AV block. Notice the intermittent 
periods without AV nodal conduction. P waves (P) without associated QRS complexes are seen after 
the sinus rhythm (S). Ventricular escape complexes (VE) rescue the heart from a longer period of 
ventricular asystole. Notice the faster sinus rate that follows the prolonged ventricular pause. This 
occurred in response to the drop in arterial blood pressure owing to loss of cardiac output during 
the AV block. (C) 3° AV block in a cat with a slow ventricular escape (VE) rhythm and occasional 
premature ventricular complexes (PVC). Syncope occurred every 10 minutes. The cat had underlying 
hypertrophic cardiomyopathy but survived without clinical signs for 10 months after pacemaker 
implantation. Paper speed, 25 mm/sec. 1 mV = 1 cm. 
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syncope, or CHF when ventricular rates are below 40 
beats/min. When ventricular escape rates fall below 25 
beats/min, clinical signs of low-output failure are usu- 
ally severe, and these cases become emergencies re- 
quiring immediate pacemaker implantation or emer- 
gency pacing. 

Often, a ventricular escape heart rate will decline 
over time, especially if it is low in the first place (e.g., 
<40 beats/min in dogs, <100 beats/min in cats). 
Therefore, it is the rate of the escape rhythm from 
subsidiary pacemakers that in part determines the criti- 
cal need for pacing. Escape rhythm rates vary de- 
pending on whether they originate from junctional 
tissue or from more distal ventricular (Purkinje) sites. 
The latter has the slower rate of diastolic depolariza- 
tion and therefore produces a slower heart rate. 


SINUS PAUSES. The clinical significance of sinus pauses 
is determined by the breed of dog and the circum- 
stances during which sinus pauses occur (see Fig. 20- 
1). For example, large-breed dogs during sleep nor- 
mally can have sinus rates as low as 30 beats/min and 
sinus pauses lasting 5 seconds with only occasional 
ventricular escape complexes. However, such slow rates 
during normal activity are unacceptable. Breeds with 
high vagal tone (e.g., bulldog, boxer) frequently have 
pronounced sinus arrhythmias, with sinus pauses last- 
ing | to 3 seconds at rest. Such a finding in these dogs 
is usually normal. In humans and cats, when an R-R 
interval exceeds twice the previous R-R interval, the 
term “sinus arrest” may apply. In dogs, even profound 
sinus arrhythmia may be “normal.” Therefore, one 
should probably avoid this term in canines as it implies 
a pathologic rhythm. Conversely, a sinus pause longer 
than 2 seconds in an awake, middle-aged, female min- 
iature Schnauzer may indicate SSS. Some dogs with 
SSS may go years without developing clinical signs, 
whereas others may have intermittent syncope associ- 
ated with pauses lasting more than 8 seconds. 


EVALUATION OF THE 
CANDIDATE FOR A PACEMAKER 


DATA BASE 


A complete data base should be evaluated when 
considering pacemaker therapy. This includes a thor- 
ough physical examination, complete blood count 
(CBC) and biochemical profile, electrocardiogram 
(ECG), thoracic radiographs, and echocardiogram, 
and for cats, feline leukemia virus, feline immunodefi- 
ciency virus, and serum T, (>6 years of age) determi- 
nations. The clinical complaint of syncope (chapter 
22) may require a 24-hour continuous ECG recording 


(Holter monitoring) to discover what arrhythmia is 
present and determine whether the arrhythmia is com- 
patible with and temporally associated with clinical 
signs. 


SPECIFIC CANINE BRADYARRHYTHMIAS 
AND CONDITIONS 


THIRD-DEGREE (COMPLETE) 
ATRIOVENTRICULAR BLOCK 


The ideal candidate for pacemaker therapy is the 
animal whose arrhythmia is clearly associated with clin- 
ical signs and without underlying myocardial or valvu- 
lar disease, such as in dogs with congenital 3° AV block. 
However, most animals that require pacemaker therapy 
are mature animals with acquired 3° AV block and 
possibly underlying cardiac disease. These adult ani- 
mals may have other systemic, metabolic, or respiratory 
conditions that increase their anesthetic risk. A large 
LV stroke volume results from prolonged diastolic fill- 
ing time combined with increased myocyte stretch. 
Consequently, the femoral artery pulses are exceed- 
ingly strong. The jugular veins may be distended due 
to right-sided heart failure, and jugular pulses may be 
seen when atria and ventricles contract asynchronously 
(atrioventricular dissociation is present with 3° AV 
block). Low-grade systolic murmurs may be auscultated 
over the mitral and tricuspid valve areas. Prerenal azo- 
temia is often present. Radiographic evidence of vari- 
able, generalized cardiomegaly is present, depending 
on the duration and severity of bradycardia. Distended 
cranial and caudal vena cavae, hepatomegaly, or ascites 
may indicate right-sided or biventricular CHF. Occa- 
sionally, pulmonary edema may occur, especially if 
chronic, severe mitral regurgitation has been present. 

Echocardiography assesses myocardial contractility 
and assesses valvular integrity. Cardiac chamber en- 
largement, higher than normal fractional shortening, 
effusions (pericardial, pleural, abdominal), and dis- 
tended hepatic veins are common findings. Doppler 
echo examination may reveal right and left AV valve 
regurgitation. In the absence of chronic, acquired val- 
vular disease (endocardiosis), this results from stretch- 
ing the valve annulus. Diastolic mitral regurgitation is 
usually present with advanced AV block. The valvular 
regurgitation, cardiac enlargement, CHF, and prerenal 
azotemia usually resolve within 1 to 2 weeks after pace- 
maker implantation. 


SICK SINUS SYNDROME 


Sick sinus syndrome occurs most commonly in mid- 
dle-aged to older female miniature Schnauzers. Older 
dachshunds and West Highland white terriers are also 
overrepresented. Chronic acquired valvular disease 


(endocardiosis, chapter 25) is often present since af- 
fected dogs tend to be in associated age categories. 
Dogs with bradycardia-tachycardia syndrome, a form 
of SSS, may have periods of very rapid supraventricular 
tachycardia followed by a prolonged pause owing to 
overdrive suppression (see Fig. 20-1D) (see also chap- 
ters 6 and 18). After the pause, the femoral pulse will 
be of greater intensity when the escape beat breaks 
the protracted period of asystole. The presence or 
absence of valvular disease will determine radiographic 
and echocardiographic findings. Despite the presence 
of chronic acquired valve disease in many affected 
dogs, most respond favorably to pacemaker implanta- 
tion, even if additional drug therapies are required. 


PERSISTENT ATRIAL STANDSTILL 


The English springer spaniel is the most common 
breed reported with this arrhythmia. Most affected 
dogs have underlying myocardial disease that affects 
the atria most severely. In addition, some dogs may 
have temporal muscle wasting. Radiographs and echo- 
cardiogram reveal biatrial enlargement. Prognosis de- 
pends to a large part on the severity of underlying 
myocardial disease and is often not as favorable as in 
other conditions requiring pacemaker therapy. 


SPECIFIC FELINE BRADYARRHYTHMIAS 
AND CONDITIONS 


Cats with primary cardiomyopathy can have high- 
grade 2° AV block and 3° AV block and may require 
pacemaker implantation.* '? A number of nonreversi- 
ble lesions have been described in atrioventricular con- 
duction systems of cats with cardiomyopathies, includ- 
ing fibrosis, chondroid metaplasia, fatty degeneration, 
and osseous metaplasia.'* In some cases the clinical 
need for pacemaker implantation may be overshadowed 
by more dominant clinical consequences of the cardio- 
myopathic condition, such as CHF. In other situations, 
cats may not exhibit clinical signs if an adequate escape 
rhythm is present and stable (Fig. 20-2A). It is im- 
portant to note that high-grade 2° AV block usually 
progresses to 3° (complete) AV block. Thus, while the 
cat may be asymptomatic in the face of 2° AV block, 
the condition may change acutely.* * Because these 
cats usually have underlying cardiac disease, anesthetic 
risks should be thoroughly assessed by a complete data 
base and echocardiographic examination. Despite this 
admonition, there are cats treated with pacemaker 
implantation that have lived for years.* Conduction 
disturbances, including advanced AV block, may be 
recorded in states of severe hyperthyroidism. These 
are commonly reversible when the euthyroid state is 
re-established and maintained. 
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ELECTROPHYSIOLOGIC 
FUNDAMENTALS OF CARDIAC PACING: 
CLINICAL APPLICATIONS 


The evolution of pacing systems has been rapid. 
Most animals respond satisfactorily to pulse generator 
implantation utilizing ventricular pacing alone (i.e., 
VVI, see later and Fig. 20-5). However, as newer gener- 
ation pacing technology becomes available to veteri- 
narians, the use of rate-responsive pacing, synchro- 
nized atrioventricular pacing, and antitachycardia 
pacing will be possible. Thus, an understanding of 
the basic concepts for artificially pacing the heart is 
important in pacemaker selection, in programming, 
and for trouble-shooting complications. Although 
many animals do well after pacemaker implantation 
without detailed pulse generator reprogramming as 
described later, some will require pulse generator read- 
justment for optimal efficacy. This is often facilitated 
through technical service representatives from the 
pacemaker manufacturer whose devices are being im- 
planted. 


THE ENERGY FOR STIMULATION 


The clinical “life” of the pacemaker pulse generator 
depends upon several factors involving the pulse gen- 
erator and lead system. These include (1) the output 
voltage, (2) lead resistance, (3) pulse duration, (4) 
pacing rate, (5) percent pacing time, and (6) battery 
capacity. To induce a propagating wave of depolariza- 
tion across myocytes, a certain magnitude of voltage 
must be applied to the heart muscle. The ability to 
stimulate the heart electrically is related by Ohm’s law. 


V=IR, 


where V is the stimulus voltage, I is the current, and 
R is the total resistance to current flow. The minimum 
energy required to activate the heart electrically out- 
side its refractory period is the stimulation threshold." 
The energy of a pacing stimulus is determined by 
the duration of the voltage and current delivered. If 
excessive energy is used in stimulating the heart, the 
life of the pulse generator will be shortened. There- 
fore, optimizing for an adequate amount of energy to 
stimulate the heart, without wasting energy, is desir- 
able. The stimulus energy (E) used is related to the 
amount of voltage (V), the time (t) the voltage is 
applied, and the resistance (R). 


Ne 


E 
R 


These relationships have important clinical implica- 
tions in selecting the appropriate stimulus of a pace- 
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maker, and they can be evaluated by examination of 
the strength duration curve. 


STRENGTH DURATION CURVE 


In order for a stimulus to depolarize the heart, a 
certain amount of voltage must be applied for a unit 
of time (Fig. 20-3). The analogy of speed (voltage) and 
time (pulse duration) can be used to understand this 
relationship. For example, if an object is to reach the 
finish line (i.e., activate the heart), a greater speed will 
require less time, while a lesser speed will require more 
time. Therefore, to stimulate the heart to depolarize, 
the voltage may be set high with a shorter pulse width 
(duration), or low with a longer pulse width. 

A programmer is an instrument used to change the 


pulse duration and the voltage to evaluate and achieve 
the optimal settings.'* The relationship between the 
voltage and the pulse duration is exponential and is 
represented by the strength duration curve (Fig. 20-3). 
The curve is steep, rapidly rising with pulse duration 
less than 0.25 msec; in contrast, the curve is flat with 
pulse duration greater than 1.0 sec. The shape of this 
curve determines the choice of the voltage amplitude 
and duration of the pacing pulse. When a pacemaker 
is programmed, if the pulse duration is too short there 
is very little room for error should the threshold for 
capture increase. Thresholds for pacing can change 
after implantation, and such a situation may result in 
a loss of capture. Conversely, if the pulse width is set 
too long on the flat portion of the curve, the increase 
in the time that the stimulus is delivered has no effect 
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FIGURE 20-3 


Top panel: ECG from an 8-year-old Saluki while permanent pacemaker pacing thresholds were being 
tested and the strength-duration curve was being computed. The amplitude was automatically 
decreased until capture was lost. Pacing spikes (open arrow) generated from this bipolar system 
gradually decreased in size. Although they are still present during ventricular asystole, they are of 
inadequate amplitude to stimulate the heart (black arrow). Paper speed, 25 mm/sec. Lower panel: This 
was printed from the programmer following the strength-duration curve computation. The dog was 
paced with a Medtronic Thera DR 7940 pulse generator that was programmed in the bipolar mode. 
The curve formed by the edge of the shaded area is the computed curve threshold for this dog 
based on two measured threshold values (black circles). Capture will occur with any combination of 
amplitude and pulse width values that are above this curve. Values below the curve will not result in 
capture (i.e., pacing). The two curved lines above the shaded region indicate the combination 
amplitude and pulse width values that will provide a safety margin of two or three times the 
amplitude threshold. The chronaxie (pulse width that corresponds to twice the rheobase) and rheobase 
(lowest voltage that results in capture at an infinitely long duration) for this dog are indicated. Pulse 
widths on the steep portion of the curve (less than 0.2 msec) are not recommended, because the 
voltage must be set so high that excessive battery drain occurs. Good settings (*) to program the 
pacemaker for this dog are 2.5 V at a pulse width of 0.3 ms. (Courtesy of Dr. Anna R. M. Gelzer, 


Cornell University.) 


on capturing the heart. Instead, the excessively wide 
pulse duration drains the battery, and pulse generator 
life is shortened. 


RHEOBASE AND CHRONAXIE 


Two important points exist about the strength dura- 
tion curve to assist in identifying optimal pacemaker 
programming (Fig. 20-3).!* '° The rheobase is the lowest 
voltage that results in capture at an infinitely long 
pulse duration. In modern pacemakers, this point is 
usually less than 1.5 msec. The chronaxie is the pulse 
width required to stimulate the heart at twice the 
rheobase voltage and closely approximates the point 
of minimum threshold stimulation energy. Although 
the minimum threshold is determined, a safety margin 
must be considered. Therefore the voltage is usually 
set at twice the threshold value at the chronaxie pulse 
width. Alternatively, the pulse width is set at three 
times the chronaxie pulse width provided the pulse 
width threshold is less than 0.2 msec. If it is greater 
than 0.2 msec, then the lead should be repositioned 
or voltage increased. Also, if high voltages are required 
(e.g., > 5 V), repositioning of the lead is advised. 
Manufacturers usually recommend that chronic leads 
should not have stimulation thresholds greater than 
2.5 V pulse amplitude at a pulse width of 0.5 ms. Such 
high voltages greatly reduce the longevity of the pulse 
generator. Ultimately, some adjustment in both the 
voltage and the pulse width is usually performed to 
optimize safety while preserving battery longevity." 

The strength duration curve is generated initially 
after pacemaker implantation and on recheck exami- 
nation.'*’ The standard method is to have the heart 
pacing, to decrease the voltage at a given pulse width 
until capture is lost, and then to decrease the pulse 
width at constant voltage. The procedure is repeated 
until enough points are generated to create the curve 
(Fig. 20-3). Depending on the pacemaker and the 
programmer, this can be done manually or automati- 
cally. Capture hysteresis (Wedensky’s effect) usually ex- 
ists such that the testing is done from capture to the 
loss of capture, and not from lack of capture to cap- 
ture.” Greater energy is required to gain capture, and 
thus the curves generated would be different. 

The threshold for consistent pacing can change over 
time and is dependent on the type of lead used (e.g., 
Passive, active, porous, steroid-eluting).'® With nonste- 
roid-eluting leads, thresholds rise during the first week, 
compared with implantation values, and then stabilize 
6 weeks after implantation. The lead elicits a foreign 
body response, with cellular infiltrate, edema, and fi- 
nally a collagenous capsule. Beyond the capsule, myo- 
fibril disarray develops. The precise response depends 
again on the type of lead tip. If a lead is unstable, 
more inflammation and fibrous tissue can develop. 
This can result in deterioration of stimulation thresh- 
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olds. Studies in dogs with nonsteroidal-eluting cork- 
screws have shown that thresholds are similar regard- 
less of the location of the electrode tip.'® 


PACING THRESHOLDS 


To determine whether the position of the pacing 
electrode is adequate, pacing thresholds ideally are deter- 
mined at the time of implantation.'* * However, until 
recently such determinations have not been routinely 
performed in animals. An external testing device is 
used, known as a pacing system analyzer, or PSA. The 
threshold is determined in volts at a pulse width of 0.5 
msec. The PSA is set at 5 V. The pacing rate is in- 
creased until the heart is consistently captured. Then 
the voltage is gradually decreased until a loss of cap- 
ture occurs (usually less than 1 V at 0.5 msec for the 
ventricle at the time of implantation). If high voltage 
is needed to capture the heart, a different lead posi- 
tion in the right ventricle is sought. 


THE IMPORTANCE OF IMPEDANCE 


Impedance is the total resistance to current flow.'® 24° 
Ideal impedance will allow for proper current flow for 
myocardial stimulation yet be high enough to deter 
unnecessary current drain on the pulse generator. To- 
tal pacing impedance is determined by (1) resistance 
of the conducting lead (conductor resistance), (2) 
resistance between the electrode and tissue (electrode 
resistance), and (3) resistance caused by the accumula- 
tion of charge at the electrode tip interface (polariza- 
tion resistance).'* °° Excessive resistance in the lead 
generates heat and is inefficient at generating current 
for pacing. A small electrode tip offers higher resis- 
tance but concentrates the current at the point of 
implant for more efficient use of energy. Polarization 
can be minimized by not using excessively long pulse 
widths and electrodes with small tips. Impedance can 
be measured, and it changes after implantation (in 
nonsteroidal-eluding leads). Initially, impedance falls 
during the inflammatory phase but then rises to a 
stable level. Bipolar leads tend to have higher conduc- 
tor impedance than unipolar leads because two con- 
ducting wires are required. Also, unipolar pacing has 
lower total impedance because of the large surface 
area of the anode (pulse generator).*° 

The lead impedance is normally between 250 and 
1000 ohms. Most lie between 500 and 700 ohms at the 
nominal pacemaker setting of 5 V.® At the time of 
implantation and during follow-up examination, the 
lead impedance ideally should be determined. More- 
over, complications of lead fracture, insulation break- 
age, or lead dislodgment can be evaluated by de- 
termining the lead impedance. Lead impedance 
should remain constant over time or decrease mini- 
mally. Elevations in the lead impedance (> 1200 
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ohms) with elevations in the voltage threshold are 
compatible with lead fracture. Conversely, insulation 
breakage is associated with low or normal voltage 
thresholds and low impedance (< 250 ohms). A lead 
dislodgment or exit block is associated with high volt- 
age threshold and normal lead impedance. 


SENSING 


Although constant pacing is usually required for 
animals with 3° AV block, the ability to sense inherent 
rhythms in animals with high-grade 2° AV block and 
SSS is important for safety. Avoidance of pacing during 
the vulnerable period in the T wave is essential in the 
prevention of ventricular fibrillation. Also, improved 
hemodynamics and preservation of battery life occur 
when an inherent sinus rhythm is allowed to dominate. 
The ability to sense an inherent rhythm is dependent 
upon several factors. These include (1) the type of 
lead (unipolar versus bipolar), (2) electrode size, (3) 
lead contact to the myocardium, (4) tissue reaction 
around the electrode, (5) position of the electrode, 
(6) physiologic factors (respiration, exercise, catechol- 
amines, body position), and (7) drugs.!® 7°?! 

Certain determinants of sensing are programmable. 
These include (1) amplitude, (2) filtering, and (3) 
slew rate of the intracardiac electrogram recorded un- 
der the tip of the implanted lead. When the sensitivity 
is increased, the numerical value (mV) or amplitude 
of the electrogram that is able to be sensed is 
reduced—that is, the pacemaker is more sensitive and 
detects smaller (lower-amplitude) ECG signals (com- 
plexes). When the sensitivity is decreased, the numeri- 
cal value or amplitude of the electrogram that is able 
to be sensed is increased. That is, the pacemaker is 
less sensitive and detects only larger (high-amplitude) 
ECG signals (complexes). This prevents the oversens- 
ing of waveforms such as the T wave or myopotentials. 
Ideally, the sensitivity of the pacemaker should be pro- 
grammed to twice as sensitive as the value of the sens- 
ing threshold (the numerical number to program will 
be half the threshold number).'* Because determining 
the sensing threshold requires that the animal have 
an adequate escape rhythm, determination of sensing 
threshold may not be possible. 

Filtering of the intracardiac signal plays a critical role 
in the sensing of the electrogram.'® *! Low-frequency 
signals such as the T wave or very-high-frequency sig- 
nals such as myopotentials must have higher ampli- 
tudes to be sensed. The ventricular signal from the 
intracardiac electrogram is large at 6 to 15 mV or more 
and is usually not difficult for the pacemaker to sense. 
In contrast, sensing the atrial electrogram can be more 
difficult and requires greater sensitivity than ventricu- 
lar sensing owing to the smaller amplitude of 1.5 to 
2 mV. 

Another determinant of sensing is the slew rate, the 


slope or rate of change in the voltage.’® *! Complexes 
with gradual increases in amplitude (low slew rate) are 
more difficult to sense, even though the sensitivity 
amplitude is programmed correctly. However, if the 
amplitude is large, slew rate is of lesser importance.'* 
The amplitude and slew rate do change after implanta- 
tion. Therefore, adjustments to sensing may be needed 
during follow-up examinations. 

Although modifications are made in the amplitude 
and filtering for proper sensing, a certain blanking 
and refractory period after a sensed complex must be 
programmed to improve signal discrimination.” This 
is done to avoid oversensing the T wave of the paced 
or sensed complex. The blanking period lasts for 25 to 
100 msec after the pacing spike, and the refractory 
period is programmed to adjust to the patient’s QT 
interval. However, if the refractory period is too long, 
then the pacemaker has the potential not to sense 
premature complexes (Fig. 20-4). Alternatively, if the 
refractory period is too short, T-wave sensing is a prob- 
lem. Atrial sensing requires that the refractory period 
be longer to avoid sensing the far-field ventricular 
electrogram. 


PACING EQUIPMENT 


PACEMAKER MODALITIES 


Pacemakers are coded by a 3- to 5-lettering system 
(Fig. 20-5) that denotes the site and mode of pacing." 
The first letter position denotes the chamber paced, and 
the second position denotes the chamber sensed (V, ven- 
tricle, A, atrium). The third position denotes whether 
the mode of response to sensing is inhibited (I, inhib- 
ited)—that is, pacemaker discharge is suppressed by 
a sensed signal, or triggered (T, triggered)—that is, 
pacemaker discharge is triggered by a sensed signal, 
both (D, dual or both), or none (0, none). The fourth 
position indicates programmability (0, none; P, simple 
programmable; M, multiprogrammable; C, communi- 
cating; R, rate modulation). A multiprogrammable 
pacemaker is ideal. The fifth position indicates 
whether antitachyarrhythmia function is available. 

Therefore, VVI pacing indicates that the pacemaker 
is programmed to pace the ventricle and sense ventric- 
ular complexes; when these complexes are sensed, the 
pulse generator is inhibited from firing. This type of 
pacing is the one most commonly used in veterinary 
medicine. However, it may be better to dual-chamber- 
pace (DDD or DDI) or atrial-pace (AAI) dogs with SSS 
(see Complications later). The more sophisticated and 
complicated pacing modalities, such as (AV) sequential 
pacing, have until recently required two leads, which 
increases the possibility of lead dislodgment. 

Another feature that is incorporated into some pace- 
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Electrocardiograms recorded from a West Highland white terrier with sick sinus syndrome. The dog 
had long periods of marked sinus bradycardia and intermittent periods of rapid supraventricular 
tachycardia. Paper speed, 50 mm/sec. 1 mV = 1 cm. (A) Initial ECG shows sinus bradycardia and a 
prolonged QT interval (380 ms) related to the slow heart rate. (B) This pacemaker, programmed for 
a rate of 90 beats/min (RR interval, 667 msec), failed to sense the spontaneous complex (arrow), 
indicating an undersensing problem. (C) The refractory period (220 msec) and sensitivity (2.5 mV) 
were changed, but then the pacemaker oversensed the T waves. This is because the programmed 
refractory period was too short, allowing the T wave to be detected. Note that the interval of 667 
msec (ms) now begins at the T wave. The refractory period was reprogrammed to 325 ms. 


Chamber Paced 

V = Ventricle 

A = Atrium 

D = Dual Chamber Mode of Response 
S = Single Chamber T = Triggered 

0 = None | = Inhibited 

D = Double (Both) 
O= None 


FIGURE 20-5 


Chamber Sensed 
V = Ventricle 

A = Atrium 

D = Dual Chamber 
S = Single Chamber 
O=None 


Codes used for describing the capabilities of a pulse generator. 
VVIMO indicates that the chamber paced is the ventricle, the 
chamber sensed is the ventricle, the mode of response is inhibited, 
the pacemaker has multiple parameters that can be programmed, 
and there are no antitachycardia features with this device. 


Programmability Aral dd a 
Rate Response O=N 
P = Programmable See 


M = Multiprogrammable Š x ce pacing 
C = Communicating eee 


R = Rate Responsive D= Dual (P +S) 


O = None 
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Electrocardiogram recorded from a Holter monitor in a dog with a 
rate-responsive pacemaker. During sleep, the pacing rate was 
slower (A) than during activity (B). The arrow indicates the pacing 
artifact spike. P, P waves. 


makers is rate modulation.”™™ Instead of the rate being 
fixed and the only alteration to that rate being the 
sensing of an inherent rhythm, the pacing rate changes 
with physiologic needs (Fig. 20-6). The pacing rate 
can be programmed for a lower and an upper limit. 
Rate-modulated pacemakers change the pacing rate 
based on right ventricular volumes or pressures, blood 
temperature, oxygen saturation or pH, ventilation, or 
numerous ways of activity sensing. Activity sensors are 
the most successful and have been widely tested in 
humans.” 


EXTERNAL TEMPORARY PACEMAKERS 


External temporary pacemakers provide endocardial 
pacing. They are intended for short-time use to stabi- 
lize the patient or during the anesthetic induction for 
permanent pacemaker implantation.” They also allow 
the rate, voltage amplitude, and sensitivity to be se- 
lected prior to permanent pacemaker implantation. 
Temporary pacing can be accomplished by three 
routes: transvenously, transcutaneously, or transesopha- 
geally. The transvenous route is used most commonly 
in dogs. External temporary pacemakers are bipolar, 
with a positive and a negative port to connect the 
pacing lead. Many different electrophysiologic leads 
can be used for temporary pacing, including quadripo- 
lar catheters (i.e., four electrodes spaced over the last 
couple of centimeters of the catheter). A no. 5 French 
pacing catheter (lead) is used most commonly with 
the temporary pacemaker. This size of lead is adequate 
to stay in contact with the endocardium, but it is not 


too stiff that it risks inadvertent puncturing of the right 
ventricular (RV) wall. 

The actual necessity of temporary pacing during 
permanent pacemaker implantation is controversial 
and depends on the individual patient. Animals with 
slow unstable escape rhythms (< 30 beats/min in dogs, 
< 90 beats/min in cats) or with variable escape 
rhythms with long, intermittent periods of ventricular 
asystole may be best served with the insurance of tem- 
porary pacing. Moreover, dogs with SSS have volatile 
responses to anticholinergic drugs. Occasionally the 
heart rate speeds rapidly, only to be followed by more 
profound periods of asystole as the overdrive suppres- 
sion has excessively repressed subsidiary pacemakers. 
Arguments against the use of temporary pacing in- 
clude increased surgical time, necessity for heavy seda- 
tion; and lack of clear necessity for temporary pacing; 
and if a jugular vein is used for temporary lead place- 
ment, this vessel then becomes unavailable for perma- 
nent endocardial lead placement should a problem 
develop in the opposite jugular vein during permanent 
pacemaker implantation procedure. However, tempo- 
rary pacing affords a margin of safety should problems 
develop, and problems may sometimes occur despite 
careful preparation. To avoid the use of the second 
jugular vein and improve venous access with the least 
amount of sedation, we routinely use percutaneous 
instrumentation with an introducer via the femoral 
vein (see Procedure later). Temporary pacing in cats 
is technically difficult, and therefore this step is fre- 
quently bypassed. 


PERMANENT PACEMAKERS 


The pacing pulse generator houses the battery (power 
source), lead connection, and programming electron- 
ics and is generically referred to as the “pacemaker.” 
These devices are manufactured by a number of com- 
panies. Modern pulse generators derive energy from a 
lithium-iodide cell with an inherent voltage, when new, 
of 2.78 volts (this is not the same as output voltage 
amplitude). A new pulse generator may have a clini- 
cal longevity of 7 to 14 years, depending on the en- 
acted programming. Advancements in this field have 
continued rapidly, with modern pulse generators being 
quite small with multiprogrammable features. 

In veterinary medicine, pacemakers are rarely pur- 
chased at their retail market value because of their 
high cost and the lack of third-party insurance reim- 
bursement. Instead, most are obtained from pace- 
maker companies as “seconds” that have minor super- 
ficial defects, that are surplus units being replaced by 
newer technology, or occasionally that are explanted 
from humans or originate as demonstration models. 
The pulse generator and lead must be gas sterilized. 
Currently, pacemakers and leads can be purchased 


through CANPACERS, which is organized through the 
American College of Veterinary Internal Medicine, 
subspecialty of Cardiology. 

The battery end-of-service indication can be identi- 
fied in several ways.** The clinical indicators of a de- 
clining pulse generator include (1) a change in the 
pacing rate to the predetermined fixed rate or a 10 
percent drop in the programmed nonmagnet rate, (2) 
a drop by 20 percent of the magnet rate (see later), 
or (3) an increase in the pulse width. Alternatively, 
examination of a telemetrized pulse generator can give 
an indication of the voltage (end-of-service voltage is 
2.6 V) or of the battery impedance (increased imped- 
ance exists at the end-of-service). Programmers will 
state the message of the end-of-service. 


UNIPOLAR VERSUS BIPOLAR PACING 


The number of electrodes in contact with the heart is 
denoted as unipolar (one electrode in contact with the 
heart) or bipolar (two electrodes in contact with the 
heart) (Fig. 20-7).2° Pacemakers can be exclusively 
unipolar with a unipolar lead, be bipolar, or be pro- 
grammed to either unipolar or bipolar with a lead that 
can function in either mode. That is, a modern bipolar 
pulse generator and lead frequently can be pro- 
grammed to operate as a unipolar system. However, a 
unipolar pulse generator and lead can operate only as 
a unipolar system. Unipolar and bipolar pacing both 
require an anode (positive) and a cathode (negative) 
pole. The cathode in each is the tip of the lead. The 
anode of a unipolar system is the pulse generator case, 
whereas the anode in the bipolar system is located 
proximal to the cathode on the lead and positioned 
in the heart. 

Unipolar pacing has a pacing artifact that is substan- 
tially larger than that of bipolar pacing (Fig. 20-7) and 
is more susceptible to oversensing and inhibition by 
skeletal muscle potentials. Skeletal muscle stimulation 
is more likely than with bipolar pacing. Because unipo- 
lar pacemakers can stimulate local skeletal muscle, 
placement of the pulse generator in a pocket deep to 
skeletal muscle can lead to “thumps” or jerking of 
the muscle tissue in the region of the implantation. 
Thumping can be notable if the voltage amplitude is 
programmed high. It is important to note that for a 
unipolar pacemaker to pace, the uninsulated side of 
the pulse generator must be in contact with the tissues. 

Bipolar pacing has a pacing artifact that is substan- 
tially smaller than that of a unipolar pacing system and 
is less susceptible to oversensing and inhibition by 
skeletal muscle potentials. Skeletal muscle stimulation 
is less likely than with unipolar pacing. Newer technol- 
ogy has made bipolar leads more flexible, and, there- 
fore, bipolar pacing is increasingly more common than 
unipolar, thus avoiding some of these problems.”° With 
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a bipolar system, the pulse generator does not require 
tissue contact for pacing. 


PACEMAKER LEAD SYSTEMS 


The pacing lead consists of the conductor (coil of wire 
that conducts the current from the pulse generator 
to the stimulating electrode), lead insulation, and lead 
connector (Fig. 20-7). Continuous development of leads 
over the past two decades has resulted in the produc- 
tion of many types by numerous manufacturers. The 
practical necessity to acquire pacing pulse generators 
and pacing leads at reasonable prices often results in 
having an inventory of assorted components that are 
not compatible. Some leads of older manufacture have 
sealing rings set at different points such that they do 
not allow the use of one brand of lead into another 
brand of pulse generator. Some incompatibility can be 
resolved with the use of connection adapters. Recently, 
standardization has been pushed in the industry for 
shared compatibility between brands of pulse genera- 
tors and the leads." *! 

Older leads have 5- to 6mm connectors with bifur- 
cated bipolar connections. Newer lead connectors are 
smaller, and bipolar connectors are now low-profile, 
not bifurcated, and as small as unipolar connectors.” 
The industry standard for newer leads is designated as 
IS-1 UNI for unipolar leads and IS-1 BI for bipolar 
leads. However, when confronted with leads that are 
not of this standard, compatibility of a given lead with 
a given pacemaker can be determined by (1) con- 
sulting with the customer service department of a pace- 
maker manufacturer, (2) looking up the pulse genera- 
tor and lead in references such as the Pacemaker and 
Connector Encyclopedia or The Medtronic Guide to 
Lead Adapters and Battery Depletion Indicators, pub- 
lished by Medtronic in 1996. Such references are 
actively updated, and, it is hoped, they will soon be 
available on-line. The new leads can be adapted to 
older pulse generators with the use of an adaptive 
sleeve. It should be emphasized that the compatibility 
and polarity of the lead and pulse generator should 
be double-checked before surgery. 

Endocardial leads may have active or passive fixa- 
tion. Active fixation leads penetrate the myocardium 
with a screw whereas passive fixation leads entangle 
the trabeculae with tined tips. Both are equal in the 
frequency of dislodgment (Lehmkuhl L., personal 
communication, 1998). In human medicine, dislodg- 
ment is less than 1.5 percent for ventricular leads 
and less than 5 percent for atrial leads. In veterinary 
medicine, lead dislodgment is approximately 10 per- 
cent (Lehmkuhl L., personal communication, 1998). 
The high incidence in veterinary medicine may be 
due to the lesser experience of the operator and the 
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FIGURE 20-7 


Some of the equipment used in the implantation of a cardiac pacemaker. (A) A unipolar pulse 
generator: the pulse generator case is the anode and the pacemaker lead tip is the cathode. The 
lead has a single connecting point to the pulse generator. The ECG from a unipolar pacemaker has 
a large pacing spike artifact. (B) A bipolar pulse generator: the anode and the cathode are situated 
distally on the pacing lead. The lead has two points connecting to the pulse generator (notice two 
setscrews versus one in the unipolar system). The ECG from a bipolar pacemaker has a small pacing 
spike artifact. (C) The pulse generator produces an electrical current of a given voltage for a given 
amount of time. These parameters can be programmed. Some leads and pulse generators do not 
match but can be adapted with either an upsizing (D) or downsizing sleeve. To connect the lead 
with or without the sleeve, a setscrew or hex wrench tool is used (E). The leads (most commonly) 
can be (F) epicardial, (G) tined endocardial, or (H) screw-in endocardial types. When the screw-in 
endocardial lead is secured to the endocardium, the fixation tool (I) is turned to advance the helix. 
Once the endocardial lead (tined or screw-in) is positioned, it is sutured to the vein with an 
anchoring sleeve (J). A programmer (K) can be used to adjust and test the quality of pacing. Not 
shown is the pacing system analyzer (PSA) or a temporary pacemaker. 
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ECG recorded from a dog with sick sinus syndrome whose pacemaker was being interrogated. The 
programmer was put in ‘‘magnet mode,” which caused the pulse generator to pace in the VOO 
mode. That is, the ventricle was paced at a fixed rate without sensing. Notice that the pacing spikes 
are spaced consistently and irrespective of the underlying inherent rhythm. It is important to 
remember to remove the magnet or turn it off when evaluating a newly programmed setting. 


C, captured beats. 


movement of animals, compared with that of humans, 
during the initial implantation period. 


PACEMAKER PROGRAMMER 


Modern pacemakers allow pacing parameters to be 
noninvasively programmed during or after implanta- 
tion by telemetry.” Some pacemakers have limited 
ability to be programmed, such that only heart rate, 
amplitude, and pulse width can be changed. These 
pacemakers will have fixed refractory periods, blank- 
ing periods, and upper limit heart rates. We have 
found that the ability to program the refractory period 
is important in dogs and cats. Newer models have 
greater flexibility and are multiprogrammable (e.g., 
refractory period, rate modulation, polarity). Further- 
more, newer models allow automatic or manual testing 
of thresholds for stimulation and sensing (see Fig. 
20-3). Each manufacturer that makes pacemakers also 
makes programmers. Unfortunately, these are not in- 
terchangeable among different manufacturers. The 
software of new programmers can be updated so that 
new pacemakers may be programmed. Programming 
devices often can be borrowed from the pacing compa- 
nies or local sales representatives. Alternatively, the 
local sales representatives will assist in programming 
during implantation or during follow-up examination. 
The ability to program a pacemaker specifically greatly 
enhances its performance. In general, the instruction 
manuals that accompany modern programmers are 
complete and written to be clinically understandable. 


PULSE GENERATOR INTERROGATION AND REPROGRAM- 
MING. By placing the programming head over the im- 
planted pulse generator, the pacemaker can be evalu- 
ated. An interrogation command is triggered, and 
the programmer communicates with the pacemaker to 
identify the specific model, serial number, and pro- 
gramming of the pulse generator. Held over the pace- 
maker, an electrogram recorded from the implanted 
lead can be viewed on the screen of the programmer 


and printed. A simultaneous surface ECG also can be 
recorded. A keyboard or touch-screen prompts can 
change parameters. These instructions and the old 
values can be printed for verification. Also, the pace- 
maker is interrogated following the reprogramming to 
check the values. 

The programming head also contains a magnet. An 
option exists to turn the magnet on or off. If left in 
the “on” position, the pacemaker will pace the heart 
in the VOO mode such that fixed pacing occurs with- 
out the sensing of inherent rhythms (Figs. 20-5, 20-8). 
To evaluate the effects of a new program setting, the 
wand must be removed from over the pulse generator 
or the magnet turned off, otherwise pacing continues 
in the nominal fixed VOO mode, and evaluation of 
new settings cannot be made. 


HEMODYNAMICS OF PACING 


SEQUENTIAL CONTRACTIONS OF THE 
ATRIA AND VENTRICLES 


Single-chamber (ventricular, VVI) pacing is used al- 
most exclusively in animals because of its simplicity 
and acceptable results in most cases, although AV se- 
quential pacing is physiologically superior. Atrial con- 
traction may contribute 15 to 25 percent to cardiac 
output. With VVI pacing, the loss of the normal atrial 
contribution to filling, followed by ventricular contrac- 
tion, can reduce systemic blood pressure and cardiac 
output in some individuals. However, most animals do 
not incur a significant drop in blood pressure with 
ventricular pacing (Fig. 20-9), probably because of 
increased sympathetic activation that compensates for 
the divergent cardiac depolarization. A resultant in- 
crease in peripheral vascular resistance is a normal 
physiologic response to ventricular pacing.*” However, 
a critical evaluation of dogs after pacemaker implanta- 
tion has not been conducted. Furthermore, single- 


412 ABNORMAL CARDIOVASCULAR FUNCTION AND PRINCIPLES OF THERAPY 


Bid Pres 95 mmHg 


Lead Il 


10 seconds 


chamber pacing of the atria (AAI and AAIR) in dogs 
with SSS and a competent AV node warrants consider- 
ation. 

The superiority of AV sequential pacing to simulate 
the normal contribution and timing of atrial contrac- 
tion has been experimentally established in the dog. 
The percentage augmentation by atrial systole over 
ventricular pacing alone increases with higher pacing 
rates,* * although AV synchrony is of lesser impor- 
tance at high levels of exercise.” Elevations in atrial 
pressures occur with ventricular pacing alone, com- 
pared with AV sequential pacing. This is primarily 
caused by atrial contraction against closed AV valves. 
The atrial distention associated with VVI pacing stimu- 
lates the release of atrial natriuretic peptide (ANP) 
from the atria.” The ANP, which causes vasodilation 
and diuresis, counteracts the baroreceptor stimulation 
that occurs with the drop in blood pressure present 
with ventricular pacing. In addition, cardiac sympa- 
thetic activity, as evidenced by elevations in plasma and 
coronary sinus levels of norepinephrine and epineph- 
rine, is greater with VVI pacing compared with AV 
sequential pacing.*® 

Further studies in dogs with experimental 3° AV 
block reveal that VVI pacing and atrial systole against 
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FIGURE 20-9 


Arterial blood pressure (Bld Pres) 
recorded from a dog during 
sinus rhythm and then after 
ventricular pacing (arrow) at a 
similar rate. The blood pressure 
drops approximately 10 mmHg. 
In humans, a drop greater than 
20 mmHg is considered a risk 
factor for the development of 
pacemaker syndrome. 


closed AV valves causes a reversal of blood flow and 
pulmonary venous regurgitation.” Such changes can 
exacerbate or contribute to congestive heart failure. 
For this reason, dogs with SSS ideally should be al- 
lowed to have their inherent rhythms dominate when 
the rate is adequate (Fig. 20-10). Although these physi- 
ologic changes argue for the superiority of atrioventric- 
ular sequential pacing, the current technical complexi- 
ties in implantation make it a more difficult procedure 
compared with the simpler ventricular pacing tech- 
nique. 


VENTRICULOATRIAL CONDUCTION 


Retrograde depolarization of the atria (ventriculo- 
atrial [VA] conduction) is a potential complication of 
ventricular pacing. It occurs in approximately 90 per- 
cent of humans with SSS and 30 percent with AV 
block.” Clinical impressions of dogs with SSS support 
a similar pattern of VA conduction and may result in 
antegrade reactivation of the ventricle (Fig. 20-11). 
The long-term effects of VA conduction in dogs have 
not been established, but humans with consistent VA 
conduction have the highest susceptibility to adverse 
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FIGURE 20-10 


Right lateral radiographs of a dog in 3° AV block. (A) The cardiac silhouette is normal in size and 
shape. A permanent pacemaker and endocardial pacing lead have just been implanted. The circular 
opacity at the cranial sternal border is an ECG electrode affixed on the skin. (B) Over the next 9 
months, the dog developed cardiomegaly, myocardial failure, and, ultimately, congestive heart 
failure. The pacemaker malfunctioned, with late-onset intermittent loss of capture, which became 
progressively worse. Notice that the endocardial lead appears to have become displaced away from 
the apex when compared with (A); however, fluoroscopy and impedance evaluations confirmed that 
the lead was securely attached. A diagnosis of loss of capture—due either to exit block or progressive 
myocardial disease—was made. 
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FIGURE 20-11 


Electrocardiograms recorded from two miniature Schnauzers with sick sinus syndrome. (A) 
Retrograde, nonconducted P waves (rP) are seen. This indicates ventriculoatrial (VA) conduction. 
The arrow indicates the pacing artifact from the pulse generator programmed in the bipolar mode. 
(B) The VA conduction in this dog results in a retrograde P wave (rP) that subsequently reactivates 
the ventricle (notice the QRS-T complexes that follow each rP). The arrow indicates the pacing 
artifact from the pulse generator programmed in the unipolar mode. Paper speed, 50 mm/sec. 

l mV = 1 cm. 
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circulatory reflexes, which are initiated by atrial recep- 
tors.** 4 42? Distention of the atria, pulmonary veins, 
and venoatrial junctions stimulates vagal afferents, 
which causes a vasodepressor response with a decrease 
in mean arterial blood pressure and heart rate, as well 
as withdrawal of sympathetic vasoconstriction.** ” The 
presence of VA conduction is associated with greater 
elevation of right-sided heart and pulmonary filling 
pressures. Additionally, cannon A waves and atrial dis- 
tention are greater than without VA conduction.” Dur- 
ing periods of increased sympathetic tone, such as 
exercise or stress, VA conduction is more likely. 


PACEMAKER IMPLANTATION 


ANESTHESIA 


There is no consensus regarding an optimal anesthe- 
tic protocol. Modern balanced anesthesia techniques 
provide safe, yet varied, methods (chapter 38). Three 
commonly used protocols include (1) premedication 
with morphine and glycopyrrolate, induction with ket- 
amine and diazepam, and maintenance with isoflur- 
ane; (2) premedication with morphine and acepromaz- 
ine, induction with etomidate, and maintenance with 
isoflurane; or (3) premedication with morphine, glyco- 
pyrrolate, and oxymorphone, induction with ketamine 
and diazepam, and maintenance with isoflurane. How- 
ever, anticholinergics are not needed and may be detri- 
mental to dogs in 3° AV block. Moreover, dogs with 
SSS may develop supraventricular tachycardia in re- 
sponse to anticholinergics that preclude postimplanta- 
tion pacemaker testing. This problem can be overcome 
by causing the heart rate to slow (e.g., deepening 
anesthesia) or by programming the pacemaker at a 
rate that will be overridden by the inherent rate. Pre- 
medication that allows the placement of a temporary 
pacemaker before anesthesia induction may be desired 
because it is usually not possible to perform this proce- 
dure in the awake animal. Another important consider- 
ation is postoperative tranquilization. It is ideal to re- 
strict excitement and movement of the animal during 
the first 24 hours after surgery in hopes of lessening 
the opportunity for lead dislodgment. 


PACEMAKER IMPLANTATION 
PROCEDURES 


A variety of approaches and pacing techniques have 
been described involving endocardial or epicardial 
lead placement.'® *** Regardless of the type of pacing 
selected, a temporary pacemaker may be placed either 
in all animals or only in those at high risk (Table 


TABLE 20-1 
Temporary Pacemaker Implantation* 


Equipment and Supplies 

1. Arrow Percutaneous Sheath Introducer Set (18-Ga needle, 
18-Ga catheter with stylet, guidewire, dilator, introducer), 
syringes with heparinized saline 

2. Pacing lead (variable, can be quadripolar electrophysiologic 
catheter, etc.); No. 5 French most common size 

3. Temporary pacemaker 

Proceduret 

1. With the dog in right lateral recumbency, the left groin is 
surgically prepped and draped. 

2. The left femoral artery is palpated as the caudal landmark for 
the femoral vein. 

3. A small incision (2-mm) is made in the skin above the femoral 
vein, 1 to 3 mm from the femoral artery. 

4. At a 30 to 45° angle to the skin, a needle or catheter (with 
stylet) connected to a syringe with heparinized saline is slowly 
advanced with the bevel down. Negative pressure is held on 
the syringe as the needle or catheter is advanced so that blood 
is aspirated as the vein is entered. 

5. Once blood is seen, the syringe or syringe and stylet are 
removed while securely holding the needle or catheter. 

6. A guidewire is threaded through the needle or catheter until it 
is located well within the vein (e.g., 3 to 5 cm). 

7. The needle or catheter is backed out of the vein, slipped back 
over the guidewire, and removed. 

8. The dilator and introducer are slipped over the guidewire and 
with a gentle, twisting motion are advanced through the vein. 

9. At the time that the introducer meets the entry point to the 
vein, a more forceful, yet still gentle, push is usually required. 

10. The dilator is removed, leaving the introducer in place, and 
the system is flushed with heparinized saline. 

11. A pacing lead is advanced, preferably with fluoroscopic 
guidance, to the right ventricular apex. 

12. The pacing lead is connected to the temporary pacemaker. 
13. The temporary pacemaker is programmed for a heart rate that 
will improve the cardiovascular status but not be excessively 

high. If the rate is too rapid and lead dislodgment results in a 

loss of capture, overdrive stimulation can suppress subsidiary 
pacemakers. Therefore, the rate is usually set for 60 to 80 
beats/min. The voltage output is usually programmed for 1.5 
to 2 V. The temporary pacemaker is not put in asynchronous 
mode, but the sensitivity is adjusted to sense inherent rhythms. 


*Temporary pacing may also be done via the jugular vein. We prefer the 
femoral vein because it allows for better sterility and better manipulation of 
the pacing lead (temporary leads in the jugular vein are on the downside of 
the dog as the permanent lead is placed in the contralateral, “up” jugular 
vein; this can be awkward during emergency situations). Moreover, should the 
jugular vein selected for permanent implantation be defective or damaged, 
preservation of the other jugular vein is an advantage. 

When it is known that a pacemaker will be implanted, the jugular veins 
should not be used for blood collection so that they are available and undam- 
aged for transvenous pacemaker lead implantation. 


20-1). Once the permanent pacemaker is implanted, 
the temporary pacemaker is turned off to avoid com- 
petitive rhythms (Fig. 20-12). Whether or not a tempo- 
rary pacemaker is used, isoproterenol (0.01 pg/kg/ 
min) should be available so that an infusion can be 
started if the escape rhythm fails to rescue the heart. 
For both temporary and permanent endocardial pace- 
maker implantation, fluoroscopy is required. However, 
the location of the pacing lead for temporary pacing 
can be guided by intracardiac electrocardiography 
(Fig. 20-13). 

Endocardial pacing involves placement of the lead 
down the jugular vein, and the pulse generator is 
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FIGURE 20-12 


Electrocardiogram from a dog during pacemaker implantation. The temporary pacemaker (T) 
should be turned off immediately after permanent pacing (P) begins to avoid competitive rhythms. 
Neither pacemaker is sensing properly. Paper speed, 25 mm/sec. 1 mV = 1 cm. 


usually positioned on the lateral aspect of the neck 
(Table 20-2) (occasionally the generator is placed over 
the cranial lateral thorax after tunneling the lead from 
the jugular vein access). Lead dislodgment is the most 
common complication of pacemaker implantation and 
occurs most often in larger dogs. Movement of the 
neck may contribute to this particular complication. 
Therefore, an alternative method for lead and genera- 
tor placement can be used in patients prone to lead 
dislodgment (Table 20-3). This procedure uses the 
costocervical vein for venous access (Fig. 20-14). The 
costocervical approach does have the major disadvan- 
tage that it requires a thoracotomy and fluoroscopy. 
However, in those frustrating cases of lead dislodg- 
ment, this procedure works. 

Atrial pacing may be the ideal mode of pacing in 


FIGURE 20-13 


Intracardiovascular ECG complexes that correspond to various 
sequential placements of an electrophysiologic catheter 
(corresponding recording positions are indicated by arrows to each 
representative P-QRS-T complex. From left to right: the catheter 
was advanced from the cranial vena cava (CrVC), into the right 
atrium (RA), through the tricuspid valve, and finally into the right 
ventricle (RV). Also shown is the electrogram when the lead is 
passed into the caudal vena cava (CaVC). 


dogs with sick sinus syndrome (Table 20-4). In the 
majority of cases, endocardial pacing is the preferred 
method; however, in very small animals or when ve- 
nous access is not possible, epicardial pacing may 
be required (Table 20-5). Epicardial pacing is most 
commonly performed by a transdiaphragmatic tech- 
nique,‘** although a thoracic approach can be used 
when necessary. 


COMPLICATIONS OF PACING 


Complications involving pacemaker therapy have 
been described in humans and animals.’ * 47 Atten- 
tion to detail before, during, and after implantation 
can help reduce the probability of most complications. 
However, owing to the technical difficulties of pace- 
maker implantation, the intricacy of pacing systems, 
and the complexities involved in successful pacing, 
certain complications are inevitable in a small percent- 
age of cases. 


LEAD DISLODGMENT 


The most common complication of transvenous 
pacemaker therapy is lead dislodgment or malposi- 
tion.” *4 This usually occurs within the first few days 
or weeks following implantation. Dislodgment may be 
characterized by marked estrangement of the pacing 
lead from its ventricular pacing site, or it may appear 
subtle, with the lead just missing contact with the 
endocardium. All types of leads can become dislodged. 
Causes include (1) improper screwing of an active 
fixation lead, (2) improper lodging of the tined lead 
in the RV trabeculae, (3) excessive neck motion in the 
postoperative period, (4) too little or too much slack 
in the lead, and (5) excessive movement of the pulse 
generator. Pulse generator movement can be lessened 
with the use of a Parsonsett pouch.* 

Lead dislodgment can be suspected from the history, 
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TABLE 20-2 
Transvenous Endocardial Ventricular Pacemaker Implantation via the Jugular Vein 


Equipment and Supplies 
1. Fluoroscope, defibrillator, ECG machine with oscilloscope, oxygen saturation monitor, Doppler blood pressure instrument, pacing 

system analyzer (PSA), emergency crash cart 

2. Sterile surgical pack [curved hemostats; straight, smooth hemostat; needle holders; towel clamps; scalpel handle, scalpel blades (#10, 

#11); Adson tissue forceps, Metzenbaum scissors, Mayo operating scissors, iris scissors, suture scissors; vein pick; 2-0 or 3-0 silk suture, 

2-0 or 3-0 absorbable monofilament suture] 

. Pacemaker and lead (including curved and straight stylets) for implantation 

. Spare pacemaker and lead 

. Polyester Parsonnet pouch if animal has very little subcutaneous tissue 

. Adapter sleeves to couple mismatched pacing lead and pulse generator 

. Hex wrench tool, fixation tool, and stylet guide 

. Intravenous antibiotics (usually cephalosporin)—optional 

Prepacemaker Implantation Readiness 
l. Read manufacturer’s instructions for the pulse generator and lead. 

2. Note and record the preprogrammed values for the pacemaker. These may be the nominal settings made at the factory or represent 
settings that have been reprogrammed elsewhere. If a programmer is available, initial values can be reprogrammed for optimal 
performance when necessary. 

3. To help prevent the lead advancement into the caudal vena cava, a curve is imparted to one stylet by grasping the stylet approximately 
5 cm from the tip, and with the other hand, pressing a smooth hard object against the wire as the object is pulled toward the tip (as in 
making ribbon). Pulling the wire between the thumb and index finger also can make this arch. The curve should match the arch taken 
to enter the right ventricle. 

4. When using an active fixation (e.g., screw-in, helix electrode) pacemaker lead, the mechanical function should be verified before 
implantation. Within the sterile field, a straight stylet is inserted into the lead. Using the fixation tool (Fig. 20-7), the connector pin of 
the lead is grasped with the most distal hole. The tool is rotated clockwise until the coiled electrode is completely exposed (1.5 to 2 
coils). Excessive rotations will damage the lead. The maximum number of rotations is stated in the instructions for each lead. A J- 
shaped stylet (atrial lead) will require more rotations. The fixation tool is disconnected from the connector pin, and the lead is 
released. This allows any residual torque in the lead to be relieved. After this test, the fixation tool is again attached, and 
counterclockwise motion retracts the coil into the protective sheath. 

Pacemaker Implantation Procedure 
l. Position the animal in left lateral recumbency and place a rolled towel under the neck. Position the head so that the jugular vein is 

easily seen and the skin of the neck is mildly taut. 

2. Surgically prep and drape the cervical region, allowing enough room for the pulse generator pocket (the prepped area should be 

generous). 

. At the base of the neck, make a 5- to 8-cm-long incision slightly dorsal to the distended jugular vein.* 

. Bluntly dissect the subcutaneous tissue. Expose and free up approximately 3 to 4 cm of the jugular vein. 

. Using the curved hemostats, slip two strands of moistened silk suture under the jugular vein so that the cranial and caudal loop can be 
grasped to raise the vein manually from the surrounding structures. The cranial ligature is tied, and the caudal ligature is held 
somewhat taut to allow blood to enter and distend the vein, while controlling hemorrhage. 

6. With smooth, straight hemostats, a portion (one third to one half of the diameter) of the vein is pinched perpendicular to its long 
axis. This action causes a tenting of the vein along its long axis. 

7. A #11 blade or iris scissors is used to perform a horizontal venotomy. The incision must be deep enough to reach the lumen but not 
deep enough to sever the vein. 

8. A soft, curved stylet is inserted into the lumen of the lead. 

9. The lead and stylet are advanced through the venotomy into the central venous circulation. This can be aided by using a vein pick. 

10. Under fluoroscopic guidance, the lead is guided into the right ventricle. Once the lead is positioned in the middle of the RV, the 
curved stylet is exchanged for a straight stylet to facilitate lead placement in the RV apex. 

11. The fixation tool is positioned on the connector pin (see earlier), and the lead tip with the straight stylet is gently pressed against the 
endocardium. The tool is rotated clockwise. When the coil is completely extruded, this torque is released. Complete coil extraction is 
verified by fluoroscopy. Two radiopaque crimp sleeves are separated when the coil is fully retracted, and this appearance should be 
noted during the initial fluoroscopic examination. With full extension of the coil, the crimp sleeves come together, 

12. The whole lead is rotated approximately 1 revolution clockwise to ensure that the helical electrode is secured to the endocardium. 

13. The stylet is then carefully withdrawn. 

14. Ideally, a pacemaker system analyzer (PSA) is used to obtain initial thresholds. A pulse duration of 0.5 ms is used. The maximum acute 
amplitude should be 1.0 V with a resistance of 300-1200 ohms. The minimum acute sensing amplitude should be 5.0 mV. Values will 
vary depending on the lead type and cardiac tissue condition. If acceptable values are not initially found, wait 10 minutes and repeat. If 
thresholds are still too high, lead repositioning is required. 

15. An electrogram is recorded from the implanted lead (through the notch of the stylet guide) to identify the current of injury (i.e., ST 
segment elevation). Such an appearance indicates good contact. 

16. A “tug test” is performed with the stylet in place. The lead is gently tugged while observing the heart with fluoroscopy. Resistance is 
felt when the lead is secured properly. Also, the lead will move with the heart as the heart shifts with each contraction. If not secure, 
retract the coil and begin again. 

17. The stylet is removed and the connector pin is inserted into the pulse generator. Care should be taken to push the pin completely into 
the connecting port. Visually inspect this system to observe that the end of the lead is appropriately seated in the pulse generator. 

18. A hex wrench tool is inserted through the rubber slit of the grommet to engage the setscrew in the connector block. To secure the 
lead, turn the hex wrench tool clockwise until resistance is felt. Do not overtighten the setscrew. 

19. If the pulse generator is a bipolar system, pacing will begin. If the pulse generator is a unipolar system, pacing will begin when the 
uninsulated side of the pulse generator is placed in contact with the tissue. 

20. Once pacing begins, the temporary pacemaker should be turned off to avoid complications (see Fig. 20-12). 

21. A subcutaneous pocket is prepared by digital dissection. The size of the pocket should be minimal so that it will snugly accommodate 
the pulse generator and any residual lead. A small amount of lead slack is allowed, with a bit extra pushed into the vein. The residual 
lead is loosely wrapped in a circle (not in a figure 8, not coiled, not around the generator, and not tightly) (see Fig. 20-19). It is then 
placed under the pulse generator, 

22. The pulse generator is attached to adjacent tissues by placing a nonabsorbable suture through the suture hole located in the pulse 
generator conncctor assembly. 
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Transvenous Endocardial Ventricular Pacemaker Implantation via the Jugular Vein Continued 


Pacemaker Implantation Procedure Continued 


23. The lead is secured in the vein with the aid of a grooved anchoring sleeve that fits over the lead (see Fig. 20-7). The sleeve is pushed 
caudally down the lead until it enters the vein. At this point, sutures are placed around the sleeve and fascia and tightened securely. 
Manufacturers highly recommend that the sutures not be placed directly around the bare lead itself. 

24. The pulse generator pocket is carefully sutured closed, taking care to eliminate dead space, which helps prevent seroma formation and 


pulse generator motion. 
25. The subcutaneous tissues and skin are closed routinely. 


*An alternative to the jugular vein cutdown approach (described in steps 3 to 7) is a percutaneous jugular vein catheterization 
technique. By this method, a 9 French, 15.5 cm long sheath (Peel-Away Introducer Set, Type C-PLI, Cook, Bloomington, IN) is 
introduced through the skin into the jugular vein, through which the pacemaker wire is inserted. The sheath is then pecled away, 
leaving the pacing lead in place. The proximal pacing lead is then tunneled subcutaneously to the pacemaker pocket and attached 


to the pulse generator. 


Postpacemaker Implantation Medical Record Notations and Procedures 


1. Important data to record in the medical record include: 


a. The pacemaker manufacturer, model and serial number, and radiopaque ID code 
b. The type of lead (active, passive, steroid or nonsteroid-eluding), manufacturer, model and serial number. This information is valuable 


should the pulse generator require replacement. 


c. Note whether or not an upsizing or downsizing sleeve was used. 


d. All threshold values 
e. All programmed values 


2. Perform a 12-lead ECG for future comparison of P-QRS-T morphology. 
3. Take lateral and dorsoventral (or ventrodorsal) thoracic radiographs; include the neck to visualize the pulse generator. 


4, General home care instructions for the owner: 
a. Monitor heart rate daily for 8 weeks; then weekly. 


. Call if the heart rate slows more than 5 beats from the original heart rate. 


. Call if any infection or seroma develops. 


. Sutures should be removed and the bandage rechecked in 10-14 days. 


Recheck every 6 to 12 months (or as dictated by the animal’s cardiac status) after 8-week follow-up. 


b 
c 
d 
e. Recheck to evaluate pacing thresholds at 8 weeks post-op. 
f. 
. D 


5 


uring each visit, the pacemaker ideally should be interrogated with a programmer. 


ECG, and pacemaker interrogation. Clinical signs such 
as weakness or syncope usually recur within days or a 
few weeks of pacemaker implantation. The ECG often 
reveals complete or intermittent loss of pacing (i.e., 
loss of capture). The initial bradyarrhythmia is usually 
present on the ECG. Moreover, there is loss of sensing 
as evidenced by the presence of pacing artifacts but 
without associated QRS complexes (Fig. 20-15). Con- 
tinuous ECG (Holter) recordings may be required to 
identify intermittent loss of capture. 

When evaluating an ECG from an animal with sus- 
pected pacing malfunction, careful examination of 


TABLE 20-3 


multiple leads may be required to identify the pacing 
spike. This is especially true when examining Holter 
recordings that may filter out the high-frequency 
spikes to such a degree that unipolar spikes are greatly 
attenuated and bipolar spikes are not visible. If the 
ECG records a change in QRS morphology of the 
paced beats compared with the morphology at the 
time of implantation, one should suspect incipient 
lead dislodgment. Interrogation of the pacemaker will 
reveal high-voltage threshold and normal lead imped- 
ance when lead dislodgment is present. Modern ECG 
machines have internal filters that usually cause high- 


Transvenous Endocardial Ventricular Pacemaker Implantation via the Right Costocervical Vein* 


Equipment 


1. Thoracic surgical pack (including rib retractors, tunneling device, Rumel’s tourniquet) 


2. Ability to provide patient ventilation 
Procedure 


A uNe 


tourniquet is loosened. 


D 


7th rib. 


oO N 


. Perform thoracotomy through the right second intercostal space. 

. Isolate the costocervical vein (CCV) (see Fig. 20-14) from the mediastinal pleura and ligate it (2-0 silk) 3 cm distal to the vena cava. 

. Temporarily occlude the CCV, using a Rumel’s tourniquet placed at the junction of the CCV and the cranial vena cava. 

. Make a venotomy incision between the ligature and the tourniquet; advance the lead into the central venous circulation as the Rumel’s 


. Using fluoroscopy, position the lead in the right ventricular apex. 
. Make a 5-cm vertical incision over the right 7th rib. Create a small pocket deep to the external abdominal oblique muscle caudal to the 


. Tunnel the lead deep to the subcutaneous tissues of the lateral thorax. The lead should exit from the incision over the 7th rib. 
. The lead connections and pulse generator placement are performed as described in Table 20-2. 


*Only the procedural steps that are relative to lead placement in the costocervical vein are listed in this table. For more complete implantation details, see 


Table 20-2. 
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Cranial 


TABLE 20-4 


FIGURE 20-14 


The anatomic location of the right costocervical vein. 


l 
` 


Transvenous Right Atrial Endocardial Pacemaker Implantation via the Jugular Vein* 


Steps Using a Straight Screw-in Endocardial Pacemaker Lead 


1 Insert a straight stylet into a straight screw-in endocardial 
lead. 
Using fluoroscopic guidance, advance the lead tip into the 
right atrium (RA). 
2 Once the lead tip is positioned within the RA, the straight 
stylet is withdrawn from the lead and is then replaced by a 
J-shaped stylet. 


3 Position the pacemaker lead tip so that the curve is directed 
cranially toward the right auricle.+ 
4 Secure the lead tip into the right auricle by gently pressing 


the tip into myocardium and rotating the fixation tool (see 
Table 20-2). Note—atrial lead securement usually requires 
several rotations with the fixation tool.t 


5 Atrial lead thresholds at implantation are: 
Max. Stimulation amplitude, 1.5 V 
Resistance, 300-1200 ohms 
Sensitivity, 2 mV 


Using an Atrial J-shaped Screw-in Endocardial Pacemaker Lead 


Insert a straight stylet into an atrial J-shaped screw-in lead. 
Using fluoroscopic guidance, advance the lead tip into the 
right atrium (RA). 


Once the lead tip is positioned within the RA, the straight stylet 
is partially withdrawn from the lead. This allows the lead to 
assume its preformed J-shape. 

Position the pacemaker lead tip so that the curve is directed 
cranially toward the right auricle. 

Completely withdraw the straight stylet from the lead while 
maintaining gentle retraction on the lead (this retraction 
secures the lead against the auricular endocardium). 

Insert the J-shaped stylet into the lead. Secure the lead by 
rotating the fixation tool (see Table 20-2). Note—atrial lead 


tool.t 

Atrial lead thresholds at implantation are: 
Max. Stimulation amplitude 1.5 V 
Resistance, 300-1200 ohms 
Sensitivity, 2 mV 


*Only those details relating to atrial lead placement are contained here. Refer to Table 20-2 for a more complete description of transvenous endocardial 


pacemaker lead implantation. 


+The position of the lead tip is judged to be satisfactory when the lead tip moves in a dorsoventral plane in concert with the beating heart. 
tAwial lead securement is assessed by gently inserting additional lead “slack” into the right atrium. The lead tip must remain stable to insure that it is lodged 


in the atrial appendage (Fig. 20-2). 


securement usually requires several rotations with the fixation | 


TABLE 20-5 
Epicardial Ventricular Pacemaker Implantation* 


Equipment 

1. General surgical pack 

2. Epicardial pacing lead (usually, a screw-in lead) 

3. Tunneling tool 

4. Ability to perform patient ventilation 

5. Epicardial pacing lead 

Procedure 

1. Position the animal in dorsal recumbency, with the legs pulled 
cranially. 

2. Surgically prep and drape the ventral abdomen and the caudal 
ventral thorax. 

3. Perform a midline celiotomy, beginning just cranial to the 
xiphoid, and extend the incision just caudal to the umbilicus. 

4. Use Balfour’s retractors to expose the diaphragm while gently 
retracting the liver caudally. 

5. Incise the diaphragm left of the midline to expose the cardiac 
apex. 

6. Begin ventilating the patient. 

7. Place stay sutures along the edge of the diaphragmatic 
incision. 

8. Grasp the pericardium with DeBakey’s forceps, tent it away 
from the heart, and incise the pericardium with small scissors. 

9. Place stay sutures in the pericardium to lift the heart so that 
the apex is exposed. 

10. Twist a corkscrew epicardial lead into the epimyocardium 
(avoid coronary vessels), using the specific plastic instrument 
designed for this purpose. Leave the pericardium open. 

11. Connect the lead as described in Table 20-2. 

12. Remove stay sutures; close the diaphragm with the pacing lead 
exiting from the incision (leave a tension-relieving loop on the 
thoracic side of the diaphragm). 

13. Create a pocket between the transverse muscle of the 
abdomen and the internal abdominal oblique muscles. 

14, Close the abdominal wall routinely. 


*This table describes the particular features for placement of an epicardial 
lead. Only those aspects that differ from those described for placement of 
the lead via the jugular vein are described here. See Table 20-2 for more 
complete details, 


frequency pacing spikes to be recorded with varying 
amplitudes (Fig. 20-16). This does not indicate pace- 
maker malfunction. 

Radiography, fluoroscopy, and echocardiography 
can confirm the diagnosis of lead dislodgment. Radio- 
graphs taken immediately after implantation are com- 
pared with those taken at the time of the loss of 
capture, sensing, or both (Fig. 20-17). It is always best 
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to expose two radiographic views. Lead dislodgment is 
usually apparent, but subtle changes in position can 
make the diagnosis more difficult. If there is a question 
as to the location of the lead, fluoroscopy can be used 
to identify lead motion with each heartbeat. Fre- 
quently, the lead dislodgment can be identified by 
echocardiography, especially for atrial lead dislodg- 
ment. 

Once lead dislodgment is diagnosed, treatment re- 
quires a second procedure to reposition the existing 
lead more optimally or to replace the original pacing 
system. Ideally, the cause of the dislodgment should 
be identified to avoid repeating the mistake or to 
lessen the chance of it recurring. Most often the same 
lead can be reused and properly repositioned, al- 
though a clot or fibrosis on the lead tip may hinder 
proper function. At the time of surgery a second com- 
plete pulse generator and pacing lead should be avail- 
able in case problems are encountered with the origi- 
nal system. 


PACEMAKER NOT PACING AS 
PROGRAMMED 


Occasionally, a pacemaker will not pace the heart in 
accordance with the programmed rate and parameters 
(Fig. 20-18)."* ** °° Careful interrogation of the pulse 
generator should then be made. Reasons for this in- 
clude (1) battery depletion, (2) sticking reed switch 
(places the pulse generator into magnet mode), (3) 
defibrillation, and (4) inadvertent reprogramming. A 
problem encountered in cold climates is the resetting 
of the pulse generator in response to cold (Fig. 20-18). 
Pulse generators shipped during the winter that do 
not pace at the rates programmed but instead pace at 
a slower rate should be suspected to have been affected 
by cold temperature. This causes battery voltage to 
drop, but the programmer can be used to reset the 
pacemaker to normal function.” 


FIGURE 20-15 


(A) ECG recorded from a dog 


with 3° AV block and pacemaker 
malfunction. Pacemaker capture 
is intermittent. There are pacing 


artifact spikes that precede 


capture (C), first arrow, and 
pacing artifact spikes (second 
arrow) without ventricular capture H 
(i.e., absent QRS-T complexes). 
P, P waves. The pulse generator 
power source in (A) was 
depleted. The dog in (B) had 
pacemaker lead dislodgment. See 
text for complete differential 
diagnosis. Paper speed, 50 mm/ 
sec. ] mV = 1 cm. HERH FH 
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FIGURE 20-16 


LOSS OF CAPTURE WITH NO 
PACING SPIKES 


Careful examination of multiple ECG leads can help 
determine whether lack of pacemaker capture is associ- 
ated with loss of the pulse generator pacing stimulus. 
One must be mindful that bipolar pacing systems and 
excessive filtering inherent in digital electrocardio- 
graph machines can reduce the size of the pacing 
artifact to the point that it is difficult to visualize.” 
True loss of pacemaker capture can be continuous or 
intermittent. Reasons for this complication include (1) 
battery failure,’ * (2) circuit failure, (3) lead fracture 
(Fig. 20-19), (4) unipolar lead wrongly placed in a 
bipolar device, (5) incompatible connection between 
lead and pulse generator, (6) oversensing (see later), 
(7) unipolar pulse generator not in contact with tissue, 
(8) “cross-talk” in a dual-chamber device, (9) loose 
connection (setscrew not secured, improper pin inser- 
tion) (Fig. 20-20), and (10) insulation failure. 


FIGURE 20-17 


Right lateral thoracic radiograph of a dog with a dual chamber 
pacemaker, Although the right atrium was pacing (white arrow), the 
ventricle was not. The ventricular lead is dislodged (black arrow) 
from its initial, correct, right ventricular apical position. 


Electrocardiogram recorded from 
a dog using a digital 
electrocardiograph. Such 
recordings usually show variation 
in the amplitude of the pacing 
spike (arrows). This is a function 
of the frequency of the recording 
and the high frequency of the 
spike. It does not indicate a pulse 
generator abnormality. 


LOSS OF CAPTURE WITH PACING 
SPIKES 


The presence of pacing spikes, but a failure to cap- 
ture and pace, is most commonly caused by lead dis- 
lodgment (see Fig. 20-15). Other causes include (1) 
inadequate stimulus (voltage, pulse width), (2) exit 
block,” (3) inappropriate lead placement (e.g., in the 
vena cava), (4) lead fracture, (5) improper contact 
(setscrew not secured, improper pin insertion), (6) 
battery failure, (7) insulation failure, (8) circuit fail- 
ure, (9) certain drug therapy, (10) lead perforation, 
or (11) metabolic factors (e.g., severe hyperkalemia) .*° 
Holter monitoring may be needed to detect losses of 
capture that may correspond to inadequate stimulus. 
This is because thresholds do change during the day 
and during certain activities. 

When the pacing threshold increases over time until 
capture is no longer occurring, exit block should be 
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FIGURE 20-18 


Electrocardiogram (top trace) recorded from a dog with a 
pacemaker that was not pacing at the programmed rate. The pulse 
generator was shipped during the winter and was exposed to 
temperatures lower than — 10° C. The pulse generator was reset 
and reprogrammed. The black arrow indicates the pacing artifact 
spike of the unipolar pulse generator. A presystolic click was 
auscultated. Phonocardiography (bottom trace) revealed that this was 
caused by the pacemaker (open arrows point to the presystolic 
click—compare the timing of the 2nd open arrow to the 
pacemaker spike above). This observation is described in humans 
as well. The first (SJ) and second (S2) heart sounds are indicated. 
Paper speed, 50 mm/sec. 1 mV = 1 cm. 


FIGURE 20-19 


(A) Right lateral and (B) dorsoventral radiographs show an endocardial 
pacemaker lead that has been wrapped too tightly around the pulse generator. 
Notice that the circular loops of pacemaker lead are bent at an inappropriately 
acute sharp angle (arrows). The inset in (A) shows how the pacemaker lead 
should be properly wrapped to avoid lead kinking or bending and should be 


placed underneath the pulse generator. 


excluded. Exit block, which is uncommon, is caused by 
fibrous tissue at the electrode-myocardium interface." 
There is no change in the morphology of the QRS 
with exit block because the lead has not moved. In- 
creasing the voltage and pulse width may temporarily 
relieve the problem; however, repositioning the lead 
usually is necessary. Treatment with systemic steroids 
may have some beneficial effects. This observation led 
to the use of steroid-eluding leads, which have essen- 
tially eliminated this problem.*® Permanent elevations 
in capture thresholds that do not respond to steroids 
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can develop with progressive myocardial fibrosis due 
to a primary myopathic process (see Fig. 20—10).”° 


IMPROPER SENSING 


OVERSENSING. This occurs when an inappropriate sig- 
nal is sensed,” and it is characterized by a loss of 
capture without a pacing spike on the ECG. Over- 
sensing can be differentiated from other causes of loss 
of capture by placing the programming head in the 


600 ms 
FIGURE 20-20 


600 ms 


600 ms 600 ms 


An epicardial pacemaker was failing to pace properly. Although the rate was programmed at 100 
beats/min, pacing was not constant. A loss of capture without the pacing artifact was documented. 
Oversensing was not the problem because the intervals did not match up, and when the pulse 
generator was switched to “‘magnet mode,” the loss of capture continued. In this case, failure to 
pace properly was attributed to a loose setscrew that permitted the pacemaker lead to fit loosely, 
move, and lose contact within the pulse generator. Paper speed, 50 mm/sec. 1 mV = 1 cm. 
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magnet mode and positioning it over the pulse genera- 
tor. If pacing resumes and pauses are eliminated, over- 
sensing is the problem. Oversensing can occur when 
myopotentials are sensed primarily with unipolar sys- 
tems. If the sensitivity is programmed too high (numer- 
ical number too low), oversensing of the P waves or T 
waves can occur. To correct the problem, the pace- 
maker setting is reprogrammed to be less sensitive. 

Afterpotentials can be a source of oversensing, espe- 
cially if the pacing stimulus is of high amplitude and 
duration. An afterpotential is the electrical signal pro- 
duced after the delivery of the stimulation pulse. After- 
potentials are usually not sensed as they fall within the 
blanking period.?! 


UNDERSENSING. This occurs when the pulse generator 
delivers a stimulus at an inappropriate time.’ ?° Ob- 
serving the timing of pacing spikes relative to the 
paced and spontaneous QRS complexes is required to 
make this determination. Fusion complexes can occur 
when the ventricles are stimulated simultaneously by a 
spontaneous depolarization and a paced impulse (Fig. 
20-21)." Pseudofusion occurs when the pacing spike 
is superimposed on the spontaneous QRS complex 
(stimulus too late to cause true fusion, and stimulation 
occurs during the refractory period of the ventricle) 
(Fig. 20-21). Sufficient amplitude of the ventricular 
complex must be achieved in order for the pulse gen- 
erator to sense the depolarization. The surface ECG 
may reach sufficient voltage amplitude to be seen be- 
fore the intracardiac electrogram has reached the sens- 
ing amplitude (recorded under the electrode). This is 
the cause of pseudofusion complexes. Pseudofusion 
complexes may be confused for undersensing, but if 
the pacing spike falls after the termination of the 
surface QRS complex, then undersensing does exist.” 
Causes for undersensing include (1) improper pro- 
gramming (sensitivity too high), (2) lead dislodgment, 
(3) lead malpositioning, (4) battery failure, (5) mag- 
net application (see Fig. 20-8), (6) sticking reed switch 
(places pulse generator in fixed [asynchronous] pac- 


ing mode), (7) poor slew rate, and (8) intrinsic beat 
falling in the device’s refractory period (see Fig. 20-4). 
With dual pacing systems, cross-talk inhibition can oc- 
cur. Cross-talk inhibition causes ventricular oversensing 
of atrial depolarizations, thus inhibiting ventricular 
pacing. Confusing patterns of improper sensing can 
be recorded during the transition of temporary to 
permanent pacing during the implantation procedure 
(see Fig. 20-12). 


EXTRACARDIAC STIMULATION 


Occasionally, dogs will have “thumping”? or move- 
ment of their neck or diaphragm with each pacing 
stimulus. The most common reason for this is a unipo- 
lar device programmed with a high output. If the 
pacing threshold is determined, the voltage usually 
can be lowered and still fall well within the safety 
margin for capture. Other reasons for extracardiac 
stimulation include (1) close proximity of the elec- 
trode to the diaphragm, (2) phrenic nerve stimulation, 
(3) lead insulation failure, (4) device placed upside 
down, or (5) lead perforating the heart.” 


DEVELOPMENT OF CONGESTIVE 
HEART FAILURE 


Some dogs develop CHF after pacemaker implanta- 
tion. We have observed this phenomenon in dogs with 
acquired 3° AV block and with SSS. Dogs with 3° AV 
block most commonly develop CHF secondary to myo- 
cardial failure (see Fig. 20-10). Critical review of pre- 
operative echocardiographic indices of myocardial 
structure and function is therefore important to detect 
dogs that may have marginally normal contractility. 
A dog with good function should have a fractional 
shortening that is above normal (chapter 8); other- 
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FIGURE 20-21 


Electrocardiogram recorded from a dog with sick sinus syndrome. The unipolar pacemaker (arrow 
indicates artifact spike) is pacing the ventricle, but fusion beats (F) are occurring (the inherent rate 
and the pacing rate are similar). If the pacing spike were delayed just slightly more in the last fusion 
beat, a ‘‘pseudofusion”’ would have occurred. (See text for explanation.) A spontaneous complex 
(C) follows one of the negative P waves. Paper speed, 50 mm/sec. 1 mV = 1 cm. 


wise, careful follow-up for this complication is war- 
ranted. 

The cause of myocardial failure observed in this 
small subset of dogs is unknown. One possibility is that 
the disease process that caused heart block was also 
associated with incipient, progressive myocardial fail- 
ure (cardiomyopathy). Alternatively, long-term and 
marked bradycardia could have resulted in irreversible 
myocardial damage. Finally, pacemaker syndrome (see 
next) could play a primary or contributory role. Dogs 
with SSS may occasionally develop CHF, but this is 
due to chronic, progressive mitral and tricuspid valve 
degeneration (endocardiosis). However, the fact that 
VA conduction is likely to be common in these dogs 
raises the probability that pacemaker syndrome contri- 
butes to the failure. Additionally, it is conceivable that 
VVI (ventricular) pacing could increase the regurgi- 
tant fraction across the incompetent valves. 


PACEMAKER SYNDROME 


Pacemaker syndrome was first described in humans 
as a complication of ventricular pacing that resulted 
in CHF.’ 5! However, pacemaker syndrome can occur 
with other modes of pacing when the proper timing 
between atrial contraction and ventricular contraction 
is absent.” Most of the hemodynamic alterations (de- 
creased cardiac output and systemic blood pressure) 
of pacemaker syndrome result from the loss of AV 
sequential pacing and ventriculoatrial (VA) conduc- 
tion (see Fig. 20-9). °* However, reflexes elicited by 
increased pulmonary artery and pulmonary venous 
pressures may contribute to the syndrome. 

Clinical evidence of right- or left-sided heart failure 
that has exacerbated or developed after pacemaker 
implantation should raise the suspicion of pacemaker 
syndrome. However, it may be difficult to differentiate 
the development of failure from progression of an 
underlying disease and the pacemaker syndrome. A 
specific diagnosis is reached if the clinical signs of 
failure resolve or improve with the restoration of AV 
synchrony. Obviously, because of the limited use of AV 
sequential pacing in veterinary patients, proof of this 
complication is lacking. 

Careful cardiovascular examination can identify 
dogs with SSS that may be susceptible to pacemaker 
syndrome. Dogs are suspect if after pacemaker implan- 
tation the systolic pressure during pacing drops, com- 
pared with sinus rhythm. In humans, a greater than 20 
mmHg pressure drop implies that pacemaker syn- 
drome exists.” This determination should be made 
immediately after the pacemaker is activated and again 
30 seconds after pacing. Doppler echocardiography 
can be used to assess the effect of atrial contraction 
against a closed AV valve and the effect of ventriculo- 
atrial conduction. ™ 54 Treatment of an animal with 
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pacemaker syndrome would ideally be the implanta- 
tion of a dual chamber pacemaker that insured AV 
sequential pacing. In many situations this may not be 
possible. Theoretically, this problem is more likely to 
occur in dogs with sick sinus syndrome (SSS). There- 
fore, if ventricular pacing and VA conduction can be 
minimized, improvement is expected. With SSS, pro- 
longed periods of asystole result in syncope. Thus, the 
pacing rate can be programmed to a minimum to 
prevent prolonged asystole and to allow the normal 
sinus rate to predominate. Dogs with primarily a con- 
tinuous bradycardia would not be helped by this 
method. Also, hysteresis can be programmed to “on.” 
Hysteresis allows ventricular pacing to occur only after 
a longer pause than the programmed lower rate.” 
Alternatively, antiarrhythmics can be given to decrease 
VA conduction, or theophylline can be used in an 
attempt to increase the sinus rate. 


ARRHYTHMIAS 


Arrhythmias have been reported as a complication 
in dogs requiring pacemakers.’ It is possible for the 
lead to induce arrhythmias, and these can be recorded 
most commonly during the immediate postoperative 
period. In other cases, arrhythmias may become more 
prevalent in conjunction with progressive underlying 
heart disease. It is our impression that some dogs 
in 3° AV block may be more prone to ventricular 
tachyarrhythmias (Fig. 20-22). Dogs with SSS may have 
supraventricular tachyarrhythmias in addition to the 
bradycardia. These rhythm disturbances must be 
treated with the appropriate antiarrhythmic agents 
when indicated (see chapter 18). 


INFECTIONS 


Infections caused by contamination of the implant 
site at the time of surgery are rare. Most commonly, 
the infection is metastatic, caused by bacteria seeding 
the pulse generator pocket from a remote site (e.g., 
cystitis, dermatitis, teeth cleaning). Thus, it is im- 
portant that a pacemaker or paced animal be treated 
appropriately and aggressively for any infections. For- 
tunately, infection of the pulse generator pocket and/ 
or lead is uncommon. However, if it occurs, the of- 
fending lead and generator should be removed and 
replaced by a new system, using the contralateral jugu- 
lar vein. If this is not possible, then the site should be 
assessed with a bacterial culture and sensitivity panel, 
the infected pulse generator pocket flushed and 
drained, and appropriate antibiotic given. Treatment 
of infected pulse generator pockets, however, is often 
unrewarding with the best treatment being a com- 
pletely new pacing lead and generator. 
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SEROMA 


A pulse generator pocket seroma is a fairly common 
and usually minor complication of transvenous pace- 
maker therapy. Several factors contribute to the devel- 
opment of a seroma: (1) inadequate hemostasis, (2) 
excessive tissue dissection and trauma, (3) excessively 
large pocket, facilitating movement of the pulse gener- 
ator, (4) inadequate closure of tissue layers (promoting 
pulse generator motion), and (5) pulse generator im- 
properly secured to tissue. To decrease the chance of 
seroma formation, one must assure proper hemostasis 
and create a snug fit between the pulse generator and 
its subcutaneous pocket to avoid motion of the device. 
In addition, a pressure wrap is applied over the surgical 
site before the animal is awakened from anesthesia. 
The bandage is changed every third day for 2 weeks. 
If a seroma forms, careful fluid drainage by needle 
centesis, coupled with a snug, soft-padded neck wrap 
to reduce motion and seroma reformation, is usually 
successful, 
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CARDIOPULMONARY ARREST 


Cardiopulmonary arrest (CPA) represents cessation of functional and 
effective ventilation and circulation. It results from any extreme disease or 
process that severely disrupts cardiopulmonary function, respiratory gas 
exchange, or cardiovascular stability. Cardiopulmonary cerebral resuscitation 
(CPCR) describes life-saving procedures intended to reverse CPA. It is synon- 
ymous with cardiopulmonary resuscitation (CPR) but emphasizes brain re- 
suscitation. 

Many advances have been made in teaching and practicing CPCR. They 
emphasize (1) prevention of cardiopulmonary arrest, (2) early recognition, 
(3) aggressive intervention, (4) improved monitoring, and (5) postresuscita- 
tive support. Resuscitation efforts have been temporally categorized into 
initial Basic Life Support procedures to provide A—Airway securement, 
B—Breathing, and C—Circulation. This is immediately followed by Advanced 
Life Support measures emphasizing D—Drug administration and defibrilla- 
tion, and E—Electrocardiographic and other patient monitoring. Prolonged 
or Postresuscitative Life Support includes postresuscitation monitoring and 
circulatory support.’ 


INCIDENCE 


Incidence data are scarce. Cardiopulmonary arrest was represented by 
0.46 percent of dogs and cats presenting to a university veterinary teaching 
hospital,? and 1 percent presenting to the author’s (DTC) private emergency 
practice (overall hospital incidence, 3 percent). 


OUTCOME 


CPR is rarely effective in patients with chronic, debilitating illnesses or 
acute, multisystemic failure. Although CPR was originally used for victims of 
acute but reversible cardiopulmonary arrest, it has been increasingly applied 
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to animals with chronic, advanced disease whose prog- 
nosis is extremely poor. 

Initial survival rates are determined by the nature of 
underlying disease and the proficiency of resuscitative 
techniques; early postresuscitation survival is determined 
by early postresuscitative monitoring and support, and 
long-term survival is determined by underlying disease.* 

Survival rates of clinically ill pets are markedly lower 
than those reported from otherwise healthy experi- 
mental animals. A retrospective clinical study of 135 
canines and felines who received CPR reported initial 
resuscitative success in 28 percent of dogs and 42 
percent of cats, although only 4 dogs and 1 cat were 
discharged alive. The discharged animals had cardiac 
arrests associated with drug or anesthetic reactions.* 
Others report a 9 percent survival rate in dogs*® and 7 
to 22 percent in cats.® 7 

When excessive time has elapsed before resuscita- 
tion is attempted, CPCR should not be started. When 
basic life support was started within 1 to 4 minutes of 
arrest in humans and advanced life support was initi- 
ated within 8 to 10 minutes, successful initial resuscita- 
tion occurred in 60 percent. In contrast, if basic life 
support was not started until after 6 minutes and ad- 
vanced life support was not started until after 12 min- 
utes of arrest, successful resuscitation fell to less than 
5 percent. In a model of asphyxia-induced cardiopul- 
monary arrest, CPCR performed within 3 minutes or 
less was followed by complete recovery; within 5 min- 
utes, by variable coma and neurologic recovery; and 
within 7 minutes, by permanent brain damage.” This 
underscores the need for preparedness, training, and 
coordinated efforts. 

Core temperature influences oxygen demand and 
metabolic rate. In experimental dogs, cerebral ische- 
mia up to 60 minutes at 20°C has resulted in normal 
neurologic recovery. The metabolic rate and oxygen 
requirement increases or decreases approximately 7 to 
10 percent with every degre Celsius above or below 
normal.” Normothermic animals have been success- 
fully resuscitated up to 12 minutes postarrest, sug- 
gesting that efforts may be undertaken in some cases 
within this time interval.'? Hypothermia increases the 
arrest interval from which dogs may be treated." 1° 

Prognosis is guarded for animals that do not recover 
neurologically soon after return of spontaneous circula- 
tion. Ideally, ocular reflexes should be present about 5 
minutes after restoration of circulation.® "11° Termina- 
tion of resuscitation efforts should be considered if me- 
chanical ventilation is necessary for more than 24 hours. 
Full neurologic recovery should be gained after 2 weeks, 
although some animals may require several months. 


RESUSCITATION DECISION—WHICH 
ANIMALS TO RESUSCITATE 


CPCR should be attempted only in patients in which 
causes of arrest are believed to be potentially revers- 


ible. When doubt exists, resuscitation should be 
performed.” ° With owners of terminally ill animals, 
it is prudent to discuss issues regarding “Do Not Resus- 
citate” (DNR) orders. This will limit fruitless interven- 
tion, reduce economic burdens associated with CPR, 
reduce pet suffering, and minimize owner anxieties.” 


CLINICAL RECOGNITION 


Primary CPA is characterized by loss of conscious- 
ness that occurs within 10 to 15 seconds of the event. 
Pupils become fixed and dilated within 30 to 45 sec- 
onds and correspond to  electroencephalographic 
(EEG) quiescence.'! '* 2 Capillary refill time (CRT) 
becomes prolonged, and mucous membrane color may 
appear muddy gray within 1 to 4 minutes postarrest,”! 
although it may remain normal for longer periods 
in some cases.” Breathing ceases, although ventilatory 
gasps may be observed for up to several minutes. There 
are no palpable arterial pulses. Secondary CPA usually 
follows a period of hypoxia, anoxia, acid-base imbal- 
ances, or severe hypotension.'® ?? 

Premonitory signs may be noted. They may include 
azotemia, oliguria, hypotension (systolic pressure 
< 90 mmHg), reduced pulse pressure, serious brady- 
or tachyarrhythmias, arterial oxygen saturation mea- 
sured by pulse oximetry below 85 percent, acidemia, 
and lactic acidosis. In anesthetized or unconscious 
pets, decreased respiratory minute volume and re- 
duced arterial blood pressure are common, often ap- 
pearing before electrocardiographic (ECG) waveforms 
change. Detection of reduced arterial blood flow may 
be assessed using Doppler flow devices!® '* 2b * and 
other monitoring instruments.” Prearrest morbidity in- 
dices to predict survival have not yet been established 
for animals. 


RESUSCITATIVE READINESS 


PERSONNEL GUIDELINES 


Resuscitation requires a team approach. Veterinari- 
ans and hospital technicians must be trained in all 
phases of resuscitation, including upkeep of emer- 
gency equipment, instruments, and drugs.’® 1 2% A 
minimum of three individuals trained in resuscitation 
skills is usually required. Proficiency can be attained 
through hands-on training facilitated by simulation 
models such as the CPR DOG (Nasco Company, Fort 
Atkinson, WI), or by working with cadavers. Duties 
must be delegated to members of the resuscitation 
team. The team should review their performance after 
each CPR effort, to improve proficiency. 


EQUIPMENT GUIDELINES 


Every practice should have at least one designated 
and well-equipped “ready area,” maintained with a 
readiness check list (Table 21-1), in which CPCR is 
performed. A mounted wall chart with emergency 
drug dosages specified according to body weight is 
recommended (Table 21-2).'? Mandatory equipment 
includes an oxygen delivery system capable of deliv- 
ering up to 15 liters per minute, an ECG monitor with 
alligator clip electrodes for rapid attachment, direct 
current defibrillator, and airway suctioning equip- 
ment.” A Doppler blood-flow detector, with a pediatric 
flat flow probe (Parks Medical Electronics, Aloha, Ore- 
gon), is highly recommended. A blood pressure cuff 
placed proximal to the flow probe over the palmar 
arterial arch allows for arterial blood pressure 
determination.” ® Other devices are available for 
blood pressure monitoring (chapter 35). Instruments 
must be available to perform intubation, emergency 
tracheotomy, resuscitative thoracotomy, and rapid in- 
travenous fluids (an IV fluid bag should be attached 
to an administration set and inserted into either a 
pneumatic [Vital Signs, Inc., Totowa, NJ] or spring- 
driven [MTM Health Products, Burlington, Ontario, 
Canada] device to provide fluids under pressure) .!” 


BASIC LIFE SUPPORT 


Initial efforts are directed toward establishing a pa- 
tent airway, beginning positive pressure ventilations, 
and maintaining circulation (Fig. 21-1). 


AIRWAY 


A patent airway is the first priority in resuscitation. 
Breathing is assessed over a 5-second period by observ- 
ing the chest for movement, listening for breath 
sounds, and feeling for air movement with the rescu- 
er’s ear near the mouth. Mouth-to-nose ventilations 
may be judiciously attempted when no instruments or 
supplies are available. 


Endotracheal Intubation 


Ideally, airway securement is accomplished with en- 
dotracheal (ET) intubation and followed with positive- 
pressure ventilation with 100 percent oxygen. For non- 
obstructed airways, orotracheal intubation using a low- 
pressure, high-volume cuffed ET tube is the preferred 
method of basic life support airway management. 
When possible, the ET tube should be passed without 
lifting the head higher than the heart as this may 
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decrease brain blood flow in hypotensive patients” and 
increase the chance for aspiration. Passage without a 
laryngoscope can often be accomplished but requires 
more manipulation of the epiglottis and may lead to 
vagotonia and bradycardia.” Once in place, the cuff is 
inflated and the lungs auscultated bilaterally to ensure 
proper positioning. If there is any concern regarding 
the possibility of esophageal intubation, the ET tube 
should be immediately reinserted. If end-tidal CO, 
detectors are attached to the ET (e.g., Easy-CAP, ET 
CO: detector, Nellcor, Hayward, CA), exhaled CO, 
should be easily detectible during ET intubation, but 
not detectible with esophageal intubation.**“° 


AIRWAY OBSTRUCTION. The caudal pharynx is a com- 
mon site of airway obstruction in the comatose pet. 
Therefore, the head and neck are extended and the 
tongue drawn forward. Extraneous oral foreign materi- 
als are removed if present. If the airway is obstructed 
by a foreign body and no instruments are available, 
forceful abdominal and chest compressions are given 
to simulate a cough in an attempt to clear the airway." 
Foreign body removal is greatly facilitated by a laryngo- 
scope for visualization and a sponge or tenaculum 
forceps for extraction. Airway obstructions may require 
a suction unit capable of generating sufficient negative 
pressure to aspirate thick mucus and blood clots when 
the tubing is attached to a dental or Yankauer (tonsil) 
suction tip. 


TRACHEOTOMY. If a patent airway cannot be obtained 
because of prelaryngeal or laryngeal injury, swelling, 
spasm, or nondislodgeable foreign bodies, immediate 
tracheotomy is required. A ventral cervical skin inci- 
sion is made without aseptic preparation; strap muscles 
are separated, and the trachea is opened with a trans- 
verse incision. The handle end of the scalpel or hemo- 
stat is inserted into the lumen followed by an endotra- 
cheal tube (a smaller size than used for orotracheal 
intubation) to allow easy intubation via the tracheot- 
omy. 


PERCUTANEOUS TRANSTRACHEAL OXYGEN INSUFFLATION. This 
technique, using intermittent jet ventilation delivered 
through a 16-gauge intravenous catheter, has been 
used successfully to ventilate dogs and cats with airway 
obstructions.” The adapter of a 3mm ET tube con- 
nects to the hub of a catheter needle and then to the 
Y of the anesthetic tubing and oxygen source. The 
other end of the Y is occluded with the thumb to 
control lung insufflation.*) * 


TRANSTRACHEAL CATHETER VENTILATION, Another poten- 
tial technique employs transtracheal catheter ventila- 
tion (15 breaths per minute delivered with an oxygen 
line at 15 L/min flow rates or higher).** This method 
has been effectively used in experimental dogs using 
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TABLE 21-1 
Readiness Check List 


CRASH CART 


Drugs: all accounted for and expiration dates checked. Essential: Epinephrine 1:1000, (1 mg/ml), lidocaine (20 mg/ml), Na 
bicarbonate (1 mEq/ml), mannitol (25%), dexamethasone sodium phosphate (4 mg/ml), atropine (0.5 mg/ml), furosemide 
(50 mg/ml). Recommended: Dextrose (5%), diazepam (5 mg/ml), dopamine (40 mg/ml), dobutamine (12.5 mg/ml), heparin 
(1000 U/ml), Ca gluconate (100 mg/ml), oxytocin (10 U/ml), doxapram (20 mg/ml) 


IV Fluid infusion sets present; pressure cuff for crystalloid infusion bags working 

Blood transfusion set present 

Endotracheal tubes in order; cuffs checked for leaks; tie gauze, lidocaine jelly present 
Laryngoscope functioning; stylet, mouth gags present 

Stethoscope present 

IV catheters: Teflon ‘‘over the needle” IV venicaths; ‘‘butterfly,”’ H 25-18 gauge present 

Foley and urinary catheters (all sizes) present 

Miscellaneous supplies 

[ ] Syringes (all sizes), surgical tape, bandage material present 

[ | Needles (25 to 14 gauge), spinal needles (22 and 18 gauge), intraosseous cannulas present 
[ ] Thermometer 
[ 


] Orogastric and nasogastric tubes present 


MONITORING EQUIPMENT 
[ ECG machine/monitor working; ECG paper/conduction gel present 


Doppler blood flow detector (changed), flow probe, Aquasonic jelly, blood pressure cuffs present 


[ 
[ Noninvasive blood pressure machine and cuffs checked 
[ CVP set-up present 

L 


Urinary catheters and collection systems present 


OXYGEN-VENTILATION EQUIPMENT 
AMBU bag, masks, rebreathing bag present 


Hoses checked for leaks; large and small masks, large and small rebreathing bags present 


] 
] E tanks with at least 500 psi left side, full right side 
] 
] 


Resuscitator bag and tubing (with oxygen line available) present 


] Respirator checked and functioning 


DC DEFIBRILLATOR 


[ ] Defibrillator paddles (internal and external), conduction gel present; defibrillator battery charged 


SURGICAL EQUIPMENT AND SUCTION 


[ ] “Wound pack” and thoracotomy instruments present and sterile, including thumb forceps, needle holder, scalpel blade and 
handle, medium Finochietto retractors, small and large Balfour retractors, Forester sponge forceps, DeBakey forceps, Mayo 
scissors (curved), suture material 


Thoracotomy tubes present (cats, small dogs, 14-16 Fr; medium to large dogs, 18-36 Fr) 
Gomco aspirator, Yankauer suction tips, tracheal suction tip present 


Pleurovac present and checked 


Inspected by Se —— AM/PM. 
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TABLE 21-2 
Drugs Commonly Administered for Cardiopulmonary Resuscitation* 
ml/5 Ib ml/10 Ilb ml/20 lb ml/30lb ml/40 1b ml/50īb ml /60 lb ml/80lb ml/100 Ib 
Emergency Drugs Average Dose or/2.3 kg or/4.5hkg or/9kg  or/l7kg or/I8kg or/23kg or/27kg or/36kg ~— or /45 kg 
Epinephrine 1:1000 0.1 mg/Ib 0.5 1 2 3 4 5 6 8 10 
1 mg/ml (0.2 mg/kg) 
Lidocaine HCl 1 mg/Ib** 0.25 0.5 1 1.5 2 2.5 3 4 5 
20 mg/ml 2.2 mg/kg 
Na bicarb 0.5 mEq/Ib 2.5 5 10 15 20 25 30 40 50 
1 mEq/ml (1.0 mEq/kg) 
Dexamethasone 2 mg/lb 2.5 5 10 15 20 25 30 40 50 
4 mg/ml (4 mg/kg) 
Atropine 0.025 mg/lb 0.25 0.5 1 1.5 2 2.5 3 4 5 
0.5 mg/ml (0.05 mg/kg) 
Calcium gluconate 5 mg/lb 0.25 0.5 1 1.5 2 2.5 3 4 5 
100 mg/ml (10 mg/kg) 
Countershock 
External 1-10 ws/lb 25 50 100 150 200 250 300 400 500 
Internal 0.1-1 ws/lb 2.5 5 10 15 20 20 30 40 50 


*Average IV dose: mg/Ib or mg/kg (double dose if tracheal route). 
**For cats, 0.25 mg/lb (0.5 mg/kg) 
ws, watt-seconds, 


simple equipment (e.g., transtracheal catheter affixed 
to a 10-ml syringe barrel connected to a 7.0-mm inter- 
nal dimension cuffed ET tube) and a low-pressure O% 
delivery source (50 cm H,O driving pressure) .** 


BREATHING 


EMERGENCY VENTILATION WHEN EQUIPMENT 
IS UNAVAILABLE 


Mouth-to-mouth or mouth-to-nose ventilation can be 
used if resuscitative equipment is not available, al- 
though extreme care must be exercised to prevent 
rescuer injury with agonal pets. This technique has 
sustained reasonable blood gas values in some 
cases.*°*7 The animal’s mouth must be held closed 
when the rescuer’s mouth is placed over the animal’s 
nose. Exhaled breaths are delivered approximately 12 
times per minute (smaller animals may require 12 to 
20/min) with an inhalation:exhalation ratio of approx- 
imately 1:3 to 1:4. The chest should rise with each 
ventilation. High airway resistance is commonly en- 
countered, and slower breath delivery may be required 
(8 to 10 per minute). If air does not enter the lungs, 
the airway should be re-examined for patency and the 
tongue repositioned. If resistance is still noted, breaths 
should be continued using longer “inspiratory times” 
to achieve lung inflations.** Vagotonia may occur when 
the neck is manipulated and may predispose to para- 
sympathetic-mediated cardiac arrest in severely hypox- 
emic patients.” 


Emergency Ventilation Using Equipment and 
Supplemental Oxygen 


Effective ventilation should be optimized with 100 
percent oxygen. The lungs are first expanded with 
two full breaths, using positive end-expiratory pressure 
(PEEP) created by not allowing the lungs to exhale 
fully during these initial breaths. Approximately 20 to 
25 breaths are given per minute in closed chest CPR, 
with a 1:2 to 1:3 inhalation:exhalation ratio. Large 
dogs may require longer inspiratory time and slower 
ventilation rates. Ventilations should generate a rapid, 
high (but not sustained) peak airway pressure of 80 
to 100 mmHg. Ventilations timed simultaneously with 
external thoracic compressions provide beneficial hemo- 
dynamic effects. If open-chest CPR is initiated, ventilate 
40 to 60 breaths per minute, timed simultaneously with 
direct cardiac compressions (i.e., approximately one ven- 
tilation with every second or third compression). 
Breathing techniques should produce moderate hyper- 
ventilation and improve blood gas values. After ventila- 
tion is initiated, the chest should be auscultated to 
assess heart and lung sounds bilaterally. Lung sounds 
present over one hemithorax only may indicate (1) 
bronchial intubation, (2) the presence of air, fluid, 
abdominal contents, or mass in the pleural space, or 
(3) severe parenchymal lung disease on one side 
(pneumonia, neoplasia). Repositioning the endotra- 
cheal tube, tracheal suctioning, and _ thoracentesis 
should be considered. 

The partial pressure of arterial carbon dioxide from 
blood gas analysis defines the ventilatory status and is 
useful to guide ventilation therapy. The partial pres- 
sure of arterial oxygen is a measure of the lung’s 
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BASIC LIFE SUPPOR 
yes 
Breathing? 


High flow oxygen 
Vmin) 


{5-15 


ECG, Doppler, Blood 
Pressure monitoring 


WV fluids and 
medications as needed 


yes 
heart sounds or 


Continue ventilations 1 
every 5 secs 


Establish ECG, Doppler, 
IV line 


Monitor and treat as 
required 


120 
compressions/min 
with 
circumferential 
chest compression 


100 


ETCOp9 = end tidal CO9 
SpOpo = Op saturation 
(pulse oximetry) 


Go to ALS 
yes 


capacity to oxygenate the blood (assuming adequate 
circulation) and is useful to guide positive end-expired 
airway pressure or percent of inhaled oxygen concen- 
tration. If hypoventilation is associated with hypox- 
emia, the indicated maneuver involves increasing the 
ventilatory rate or effectiveness, not oxygen therapy. 


SUPPLEMENTAL OXYGEN. In the dyspneic but conscious 
animal, 100 percent oxygen is administered by a ‘‘flow- 
by” technique in which a steady stream of oxygen is 
directed into the nares. Animals beginning to regain 
consciousness should have a nasal, nasotracheal, or 
transtracheal catheter inserted and oxygen continued 
at a flow rate of 50 to 200 ml/kg/min. Those with 
endotracheal tubes in place may have a catheter in- 


no 


Continue ventilations 1 every 5 secs 


Chest compressions and simultaneous ventilations (ventilate 
every 1-2 compressions) provide abdominal counterpuisations 
with continuous abdominal compression 


compressions/min 
with bilateral chest 
compression 


Suction airway if necessary 
(no greater than 10 secs) 


Intubate within 10-20 secs, intratracheal 
catheter or tracheostomy if required 


Ventilate 2 full breaths 
(1.5 seconds) and auscult lungs bilaterally 
AMBU bag ventilation every 5 seconds or 
catheter to tip of carina and Oo at 5-15 Vmin 


Palpable pulse / heart beat or 


Doppler flow 
FIGURE 21-1 


Clinical algorithm illustrating 
ideal components of Basic Life 
Support. ALS, Advanced Life 
Support (see Fig. 21-2). 


60-80 
compressions/min 
with lateral or 

sternal chest 
compression 


Start ECG, Doppler, ETCO2, SpOp monitoring 


CPR effective? 
(palpable pulses, good Doppler flow, 
ETCOp > 15 mm Hg, SpOp > 85%) 


serted through it with its tip near the carina and oxy- 
gen infused at 100 ml/kg/min."!” 


POSITIVE PRESSURE VENTILATION. Animals exhibiting 
poor ventilatory patterns or low tidal volumes should 
receive positive-pressure ventilation administered by 
one of several techniques: 


1. Mouth to endotracheal tube. This is a temporary initial 
measure.*® 3% Ventilation with 100 percent oxygen 
should be resumed as soon as possible. 

2. Resuscitator (AMBU) bag-valve attached to mask, or mask 
with oropharyngeal airway to endotracheal tube or to tracheos- 
tomy tube. Use of a reservoir bag or tubing, or a 
demand valve attached to the AMBU bag, is useful 
with an oxygen flow rate of 5 to 15 liters per minute.” '” 


3. Anesthetic circuit system to mask; to mask with oropharyn- 
geal airway; to endotracheal tube; or to tracheotomy tube. 
Mask ventilation is significantly inferior to the place- 
ment and use of an ET tube and should be used only 
to preoxygenate and provide a few ventilations prior 
to endotracheal intubation. 

4. Periodic occlusion of ET tube receiving oxygen by tracheal 
catheter. Oxygen is delivered at 1 to 5 liters per minute. 
A thumb or finger is placed over the end of the ET 
tube; when the lungs are observed to inflate, the 
thumb or finger is removed to allow exhalation.” 

5. Demand valve that runs at 50 psi attached to an 
AMBU bag.' 

6. Mechanical volume-cycled or timed ventilator. Pressure- 
cycled ventilators are not recommended.’ 

7. High-frequency ventilation (HFV). This involves admin- 
istration of short bursts of high-flow oxygen (0.2 to 5 
ml/kg) delivered at 90 to 150 breaths per minute." 
Clinical utility is yet unproved. 


TRACHEAL SUCTION. After several effective breaths 
have been administered, or when resuscitating animals 
with pulmonary edema or hemorrhage, brief, intermit- 
tent tracheal suction may be necessary. Oxygen infu- 
sion may be administered through another tracheal 
catheter during suctioning. Gravity can also be used to 
empty fluid from large airways by elevating the caudal 
aspect of the animal in relation to its head. 


CIRCULATION 


Blood flow must be artificially generated by closed- 
or open-chest compressions if cardiac arrest pulseless- 
ness is detected. Open-chest CPR has been demon- 
strated to be superior in human trials.” 


External Chest Compressions (Closed-Chest CPR) 


Vigorous external chest compressions are initiated. 
Rates vary from approximately 60 compressions per 
minute for large dogs up to 120 times per minute for 
cats and small dogs. Brain and heart blood flow is 
optimal when the force of compression is of relatively 
long rather than short duration. Compression dura- 
tion representing approximately 50 percent of the ex- 
ternal compression cycle promoted better brain and 
myocardial blood flow in experimental dogs. Optimal 
cardiac output was reported at a compression rate of 
120/minute.*” # 

Circumferential, ventrodorsal, or bilateral chest 
compressions may be delivered to very small animals 
(< 2 kg) by squeezing the chest with one hand.’* ' 
Alternatively, digital compression may be applied in a 
ventrodorsal direction using the fingers placed on the 
xiphoid-sternal junction, with the animal cradled in 
the other hand.“ In slightly larger animals, the chest 
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is squeezed from both sides, using the thumb placed 
on one hemithorax and the fingers on the other. Cir- 
cumferential chest compression has been shown to 
increase aortic and coronary perfusion pressure in 
humans* but has not been clinically studied in ani- 
mals. 

Lateral thoracic compressions are delivered to ani- 
mals larger than 5 kg with the pet placed in lateral 
recumbency. These may be performed by compressing 
one side of the chest. Alternatively, the nondominant 
hand may be slid under the chest at the 4th to 6th 
intercostal space and the dominant hand placed either 
on the chest wall directly opposite the nondominant 
hand at or slightly above the costochondral junction 
(the “heart position”—most effective for animals 
weighing 5 to 7 kg), or slightly more dorsal at the 
greatest chest wall diameter (the “thoracic 
position” —most effective for animals over 10 kg). The 
former enables the cardiac pump mechanism to gener- 
ate blood flow; the thoracic position enables the tho- 
racic pump to be as effective as possible (see later). A 
compression:relaxation ratio of approximately 50:50 is 
recommended.”** ** 45 

The force used to compress the chest should de- 
crease the thoracic wall diameter approximately 25 to 
33 percent,” ** although this is difficult to maintain 
in dogs greater than 20 to 25 kg.” If this method is 
ineffective in generating forward blood flow (e.g., lack 
of femoral arterial pulses after 1 to 2 minutes of ef- 
fort), open-chest cardiac massage is immediately per- 
formed. 


MECHANISMS OF BLOOD FLOW GENERATION WITH CLOSED- 
CHEST COMPRESSIONS. The heart itself may have less to 
do with circulation during external chest compressions 
than previously believed, since cardiac chambers do 
not fill normally and cardiac valves do not move.*® 

Two basic mechanisms may contribute to forward 
blood flow generation during chest compression. 
Blood flow during external chest compression results 
from the thoracic pump mechanism. Increased intratho- 
racic pressure is immediately transmitted to all intra- 
thoracic vascular structures. Intrathoracic arterial pres- 
sure is transmitted to extrathoracic arteries, while 
retrograde flow from intrathoracic veins is prevented 
to extrathoracic veins by anatomic closure of venous 
valves at the thoracic inlet. This causes a gradient 
across the central nervous system capillary bed, facili- 
tating cerebral perfusion. The thoracic pump mecha- 
nism is most prevalent in larger dogs.** 47 * 

Other investigators have demonstrated that cardiac 
compression does occur in small dogs.*” “* This is 
referred to as the cardiac pump mechanism. 

Both the cardiac and thoracic pump mechanisms 
are thought to be involved with generation of forward 
flow in animals,**** 42? although the latter plays a 
greater role in dogs over 16 kg.” 
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ADDITIONAL METHOD TO IMPROVE BLOOD FLOW DURING 
CHEST COMPRESSIONS. Modifications of basic CPR com- 
pressions have been studied to increase brain and 
heart blood flow and improve outcome. Clinical appli- 
cations of these techniques frequently have been disap- 
pointing in humans,” although some efficacy has been 
suggested.” Since success following cardiopulmonary 
arrest is poor, these techniques are described here. 
However, their value to increase survival in cardiac 
arrest awaits further investigation. 


ABDOMINAL COMPRESSION. Performed only after a cuffed 
endotracheal tube is inserted (abdominal pressure can 
cause gastric regurgitation), abdominal compression 
can be accomplished by wrapping a towel snugly 
around the abdomen, rear limbs, and pelvic area. This 
increases systemic vascular resistance, which elevates 
diastolic and systolic blood pressure.** 5 Abdominal 
compression also limits diaphragm movement during 
external chest compressions and enhances the thoracic 
pump mechanism. Canine and feline pneumatic anti- 
shock garments (Jobst Inc., Toledo, OH) have been 
used by some investigators. Excessive abdominal pres- 
sure must be avoided, as it will force the liver forward 
and cause hepatic injury. 


INTERPOSED ABDOMINAL COUNTERPULSATIONS. Active ab- 
dominal compression is applied to the abdomen (us- 
ing a 50:50 compression:relaxation ratio) immediately 
after every chest or heart compression, followed by 
release of compression pressure immediately prior to 
the next cycle. Experimentally, this procedure aug- 
mented mean arterial blood pressure over conven- 
tional CPR," *" and it has been associated with in- 
creased resuscitation rates in humans when compared 
with chest compressions alone.”* 


SIMULTANEOUS VENTILATIONS AND CHEST COMPRESSIONS. Ven- 
tilations given during chest compressions create peak 
airway pressures as high as 100 mmHg, which, when 
transmitted throughout the thorax, provides a driving 
force exceeding that of conventional CPR.” * In dogs, 
difficulties have been reported, including hepatic in- 
juries, increased intracranial pressure, pneumothorax, 
and inadequate gas exchange.**® 


Open-Chest Cardiac Massage 


Maintaining oxygenated blood flow to the brain dur- 
ing CPCR is of paramount importance. Standard 
closed-chest compressions often provide inadequate 
brain blood flow; an average of only 20 percent of the 
minimum cardiac output and brain blood flow re- 
quired to sustain neuronal viability is generated after 
5 to 15 minutes of chest compressions.* +> © Closed- 
chest compressions fail to provide adequate perfusion 


pressures in most cases, even when adjunctive tech- 
niques are added. 

Because closed-chest CPR is ineffective, even with 
advanced life support, researchers have investigated 
methods to improve diastolic perfusion pressure (and 
thus cerebral flow) and systemic perfusion pressure 
(for myocardial flow). Open-chest experimental CPR 
resulted in superior blood flow and better survival 
and neurologic recovery compared with closed-chest 
CPR.°'3 

Open-chest cardiac massage holds a number of ad- 
vantages. We recommend thoracotomy and open-chest 
cardiac massage (1) when extraneous factors make 
external chest compression dangerous or ineffective 
(Table 21-3) and (2) when closed-chest compression 
fails to establish spontaneous cardiac activity and arte- 
rial pulses after 2 minutes. 


EMERGENCY THORACOTOMY. Time is of the essence. 
Surgical preparation is not performed. A clipper may 
be passed rapidly in heavily coated or long-haired dogs. 
The skin is incised on the left lateral chest wall, ex- 
tending from the rib origin dorsally to near the ster- 
num ventrally. One must avoid incising through inter- 
costal muscles and into the lung. A blunt curved Mayo 
scissors is used to puncture into the pleural space and 
the blades are then used to cut through intercostal 
muscles.'” ? 

The intercostal space can be enlarged if needed by 
cutting one or two ribs on the caudal aspect of the 
incision at their costochondral junction and retracting 
them with a Balfour abdominal retractor or with a rib 
spreader, or by a surgical rib pivot procedure.“ 

Other approaches to the chest can be used, includ- 
ing trans-sternal bilateral thoracotomy and _paraster- 
notomy. These are more suited for very small patients 
and animals with thoracic trauma." 

The pericardium should be opened immediately 
after the thoracotomy is completed. The apex of the 
pericardial sac is cut with Mayo scissors, and the inci- 


TABLE 21-3 
Factors That May Render Closed-Chest CPR 
Ineffective 


Interference with Generation of High Intrathoracic Pressure 


Pneumothorax 

Severe pericardial effusion 

Severe obesity/very large animal 

Diaphragmatic hernia 

Flail chest 

Tracheal or tracheobronchial disruption 

Congenital abnormalities of the chest wall 
Conditions Associated with Low Systemic Pressure 

Exsanguinating hemorrhage/severe dehydration 

Ventricular fibrillation /asystole; electromechanical dissociation 

Anaphylactic shock 

Gastric dilatation-volvulus syndrome 

Anesthetic overdose and prolonged hypoxemia 

Drug overdosage 


sion is enlarged by moving the scissors dorsally after 
visualizing and preserving the phrenic nerve. Pericar- 
diotomy facilitates detection of ventricular fibrillation 
and increases effectiveness of CPCR. 

When a stable, spontaneous cardiac rhythm is ob- 
tained, the chest is lavaged and systemic antibiotics 
administered. The incidence of infection following re- 
suscitative thoracotomy without prepping in our expe- 
rience is less than 10 percent. 


DIRECT CARDIAC MASSAGE TECHNIQUE. One or both 
hands are used depending on patient size. Care should 
be taken to avoid “kinking” the great cardiac vessels, 
which may occur if the apex is manually tipped later- 
ally upward. Very small hearts may allow the ventricles 
to be compressed between the thumb and two fingers. 
For medium-sized hearts, the ventricles are com- 
pressed between the rescuer’s palm and the palmar 
surface of the fingers. Large hearts may be held against 
the opposite chest wall and compressed by holding the 
ventricles in the palm of one hand. 

The rate of direct massage should be between 80 
and 120 per minute. The adequacy of diastolic filling 
should be visually determined. The heart should fill as 
soon as it is released. If not, vascular occlusion or 
“kinking” should be evaluated or fluid administration 
considered. The heart should also be observed for 
myocardial color, tone, and the presence of fibrillation. 
Ventilation should be timed to occur with every second 
or third compression if possible. 


DESCENDING AORTA COMPRESSION AND CROSS-CLAMPING. 
To improve cerebral perfusion and coronary circula- 
tion, the descending aorta should be occluded. This 
may be accomplished by digitally compressing it 
against the vertebral column using simple pressure. 
Alternatively, cross-clamping may be performed just 
caudal to the heart base. In the trauma patient, aortic 
cross-clamping will temporarily retard severe arterial 
hemorrhage in the chest, abdomen, retroperitoneum, 
and pelvis. Occlusion may be facilitated by a flexible 
soft material used for a “tourniquet,” such as 3.5 to 5 
French feeding tube, 0.25- to 0.50-inch umbilical tape, 
or Penrose drain. Use is limited to less than 10 minutes 
to avoid pelvic limb paraplegia. A curved hemostat is 
used to dissect around the caudal thoracic aorta. The 
tip of the material is grasped and pulled around the 
aorta to form a loop. The same hemostat is then slid 
down on the loop to tighten it around the aorta. 
After the heart begins contracting spontaneously, the 
tourniquet is slowly withdrawn (rapid removal may 
result in hypotension). Occlusion time should be kept 
to less than 10 minutes. 


ADVANCED LIFE SUPPORT 


Following the basic cardiac life support measures 
discussed earlier, advanced life support is promptly 
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initiated to restore spontaneous and effective circula- 
tion (Fig. 21-2). It has three components: D—drug 
administration required to increase brain and myocar- 
dial blood flow, optimize blood pressure, and treat 
cardiac arrhythmias or acidosis, and defibrillation for 
ventricular fibrillation; E—electrocardiographic and other 
systemic monitoring; and F—continued support as re- 
quired to maintain adequate blood flow. 


RECOMMENDED ROUTES OF DRUG 
ADMINISTRATION 


Several routes of drug adminstration are available. 
Intravenous or intraosseous routes are preferred and 
necessary when continuous rate infusions are given, or 
for crystalloid, colloid, or blood administration,** © 


Intravenous 


Rapid intravenous access should be used on any 
identifiable vessel that can be cannulated. Circulation 
times may vary according to vascular site and type of 
CPR. In an experimental model of canine cardiopul- 
monary arrest, drug circulation times of 62 + 19.6 
seconds were recorded after central venous injections; 
86.6 + 23.5 seconds after femoral venous injections; 
and 93.6 + 17.9 seconds after cephalic venous injec- 
tions. In contrast, circulation times with open-chest 
cardiac massage were considerably shorter (21.3 + 5.7 
seconds after central venous injections; 33.7 + 5.1 
seconds after femoral vein injections; and 31.4 + 6.0 
seconds after cephalic injections). Drug concentra- 
tions were best circulated by the central venous com- 
pared with other routes. In open chest resuscitation, 
drug concentrations were greatest when administered 
by central venous injection compared with the car- 
diac route.®” 

Commonly selected peripheral venous sites include 
the external jugular, femoral, and saphenous veins; the 
maxillary vein also may be used effectively.”” * 


Transtracheal or Endotracheal 


These routes have been recommended for initial 
delivery of relatively small volumes of emergency drugs 
when central intravenous or intraosseous catheter 
placement is not feasible. 16.21 24 6 Drugs are generally 
given at two to three times the intravenous dose, di- 
luted in 5 to 10 ml of saline, and injected transtrache- 
ally or, more commonly, into a long catheter placed 
through the ET tube, with its tip inserted to the level 
of the carina. ">"! The animal should then be venti- 
lated to help distribute the drug. 

Uptake is rapid via this route as long as pulmonary 
edema or severe hemorrhage is not present. Lipophilic 
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ADVANCED LIFE SUPPORT 


rapid thoracotomy 
open pericardium 


begin massage 
crossclamp aorta 
abdominal counterpulsations 


CPR effective ? 


no yes 


Epinephrine IV 
or IT 
evaluate hand 
position and 
cardiac filling 
and treat 
cause of 
arrest 


conte CPR 0.2-2 ws/kg internal 


Go to rhythm 

identification 

Epinephrine (same dosing as 
V. asystole) until ROSC 


Defibrillate 2x dose twice 
Bretylium 25-50 mg/kg IV 


Defibrillate 2x dose twice 


IV - intravenous 
IO - intraosseous 


IT - intratracheal 
CRI - constant rate infusion 
ROSC - return of spontaneous 
circulation 


CPR and rhythm should be assessed 
between each step. If external CPR 
is not effective consider internal 
cardiac massage. 


Allow 30 secs for drug circulation 
if peripheral IV or IT route used. 
Lidocaine IV 2 mg/kg dogs, 
0.25 - 0.5 mg/kg cats 


FIGURE 21-2 


Defibrillate up to 3 times if needed - 
2X dose on third attempt 
( precordial thump first if delay with 
defibrillation) 
2-20 ws/kg external 


Sodium bicarbonate 1 mEq/kg IV 


Epinephrine every 3 min 0.2 mg/kg IV, 
0.4 mg/kg IT 
me CPR effective yes 
within 2 min ? 


Ventricular tachycardia or fibrillation 


Continue CPR 
Identify ECG rhythm 


Electromechanical dissociation 
or pulseless electrical activity 


Severe bradycardia or 
ventricular asystole 


Epinephrine 0.2 mg/kg IV 
0.4 mgg IT 


Repeat epinephrine until ROSC 


Identify and treat cause 
severe hypoxemia 
severe acidosis 
severe hypovolemia 
tension pneumothorax 
cardiac tamponade 


Atropine 0.05-0.1 mg/kg 


Repeat epinephrine dose every 
3 min until ROSC 


Consider epinephrine CRI - 
0.2 mg/kg in 1 I LRS - give at 
1 ml/min (0.2 meg/kg/min) 


Sodium bicarbonate 
1 mEg/kg IV (if metabolic 
acidosis suspected or > 10 
minutes CPR) 


Calcium gluconate 10%, 
5-10 mg/kg IV if 
anesthestic overdose 
suspected or calcium 


channel blockers being 
used 


External transthoracic 
pacemaker if available 


Clinical algorithm illustrating ideal components of Advanced Life Support. CRI, constant rate 
infusion; LRS, lactated Ringer’s solution; V, ventricular; epinephrine = 1:1000 concentration. 


drugs are rapidly absorbed, and relatively sustained 
blood concentrations can be achieved. Epinephrine is 
the drug most commonly administered in this fash- 
ion.” 21.24 7072 Lidocaine, atropine, diazepam, brety- 
lium, propranolol, isoproterenol, and naloxone have 
been similarly administered.” Calcium, sodium bicar- 
bonate, and norepinephrine may injure airway mucosa 
and alveoli and should not be given via the endotra- 
cheal route.” In dogs, peripheral bronchial administra- 
tion (i.e., via a 16-gauge catheter introduced through 
the ET tube and peripherally wedged in a bronchus) 
has demonstrated a clear pharmacologic advantage 
over just endotracheal administration.” 


Intraosseous 


This route been found useful in dogs;”*™ in kittens, 
puppies, birds, pocket pets, and small exotics, it is 
useful as a first-line administration route. The abun- 
dant endosteal-medullary blood supply facilitates rapid 
uptake of fluids and drugs. An 18- to 20-gauge hypo- 


dermic or spinal needle (preferred) can be used effec- 
tively, as well as commercially available intraosseous 
needles. 


Intracardiac 


For external chest compressions, the intracardiac 
route is not recommended because of the need to 
interrupt this activity and the possibility of lacerating 
a coronary vessel and creating pneumothorax.” * De- 
spite these concerns, this route has been recom- 
mended when no other is available.” During open- 
chest resuscitation with the heart visualized, this may 
be a useful central route for drug administration.”! 
Following a left ventricular injection, a finger should 
occlude the ascending aorta during the next few car- 
diac compressions to promote drug injection into the 
coronary circulation. 


Intralingual 


Because uptake is unpredictable, intralingual admin- 
istration has been recommended as a last resort by 


some workers.® Others have found it occasionally use- 
ful.? Drugs limited to moderately small volumes (1 to 
15 ml) are injected just under the dorsal mucosal 
tongue surface. 


EFFECTIVE INTERVENTIONS 
FOR CARDIOPULMONARY 
ARREST 


Prompt endotracheal intubation, basic life support, 
and epinephrine administration represent the princi- 
pal steps to successful CPR. The key to optimizing 
cerebral recovery and overall survival when ventricular 
fibrillation or pulseless ventricular tachycardia is pres- 
ent is rapid defibrillation to restore spontaneous circu- 
lation. Endotracheal intubation facilitates ventilation 
and oxygenation of the poorly perfused myocardium. 
Myocardial perfusion is necessary for effective defibril- 
lation. Epinephrine causes vasoconstriction, support- 
ing coronary perfusion pressure. Additional agents 
such as antiarrhythmics, synthetic catecholamines 
other than epinephrine, and glucocorticosteroids play 
a role only occasionally. 


DRUGS FOR 
CARDIOPULMONARY 
RESUSCITATION 


EPINEPHRINE AND OTHER ALPHA- 
ADRENERGIC AGENTS 


Considering all pharmacologic agents used for CPR, 
none have proved as useful as epinephrine. Within 
minutes of cardiopulmonary arrest, extensive vasodila- 
tion results from metabolic byproducts associated with 
tissue anoxia.” This causes ineffectual tissue blood 
flow, particularly to the brain and heart, despite basic 
life support techniques. Through its a-adrenergic re- 
ceptor stimulation, epinephrine stimulates vasocon- 
striction, especially of peripheral vasculature. These 
pressor effects increase aortic diastolic and coronary 
perfusion pressures and are central to its efficacy (i.e., 
raising aortic diastolic pressure improves coronary 
blood flow). Epinephrine administered during CPR at 
relatively high doses (0.2 mg/kg) has been reported 
to cause increased effectiveness in human adults, chil- 
dren, swine, and dogs over previously suggested “‘stan- 
dard doses” (0.01 mg/kg), ” = although recently, some 
investigators have called this into question.*! 

Other pure a-adrenergic agonists have the theoretic 
advantage of stimulating less myocardial oxygen con- 
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sumption than agents like epinephrine, which has both 
a- and B-adrenergic actions.*? However, there has been 
no convincing evidence to date that pure a-adrenergic 
agents are superior to epinephrine in CPA to restore 
spontaneous circulation and promote neurologic re- 
covery.** 

The optimal dosing regimen is not clear, although 
the American Heart Association standards and guide- 
lines recommend epinephrine administration every 5 
minutes during CPR. Thus, it is recommended that 
epinephrine be immediately administered by intrave- 
nous or intraosseous bolus (0.2 mg/kg), or by intratra- 
cheal administration (0.4 to 0.8 mg/kg followed by 5 
to 10 ml of saline) as a second route of choice. Because 
of the short half-life (3 to 4 minutes), constant rate 
infusion (0.1 to 2.0 pg/kg/min CRI) or IV boluses 
repeated every 3 to 5 minutes are recommended.” A 
quick rule of thumb method to calculate a constant 
rate epinephrine infusion of 2 pg/kg/min involves 
multiplying 0.2 mg/kg times body weight, placing this 
volume of epinephrine into 1 liter of fluids, and ad- 
ministering it at 1 ml per minute (if a volume of 500 
ml or 250 ml is desired, multiply body weight by 0.2 
mg/kg body weight and infuse at 0.5 ml/min or 0.25 
ml/min, respectively). 


LIDOCAINE 


In general, the second agent to be considered in 
canine CPA is lidocaine hydrochloride. It is the ventric- 
ular antiarrhythmic drug of choice for unstable ven- 
tricular arrhythmias (chapters 17, 18). Lidocaine raises 
the threshold for ventricular fibrillation*’ and results 
in only minimal hemodynamic impairment in dogs, 
unless severe myocardial failure or greatly reduced 
clearance is present.” Lidocaine’s effects may be com- 
promised in the presence of hypokalemia."® *’ 

For dogs, an initial intravenous loading bolus (2.2 
mg/kg), followed by constant intravenous infusion (25 
to 75 wg/kg/min) with small supplemental IV boluses 
as needed, will rapidly attain and maintain therapeutic 
plasma concentrations.*® 38 

Cats must be given greatly reduced dosages of lido- 
caine. Experimentally, toxic manifestations were re- 
ported with 10 mg/kg*® given by rapid IV injection, 
and at a mean dosage of 11.7 mg/kg.” However, clini- 
cally affected cats during CPA and shock tolerate far 
less lidocaine since hepatic metabolism and blood flow 
may be greatly reduced. Conversion of ventricular 
tachycardia in cats has been successful by administer- 
ing lidocaine by slow IV infusion (0.25 to 1.0 mg/ 
kg over 5 minutes”) or using up to three l-mg IV 
boluses.” 


OTHER ANTIARRHYTHMICS 


Bretylium tosylate also raises the fibrillation thresh- 
old, but it may be more useful in preventing ventricu- 
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lar fibrillation in dogs at risk, such as dogs who were 
just defibrillated, or with arrhythmias likely to lead to 
ventricular fibrillation.” However, its clinical effects 
have not been well characterized in veterinary practice. 


SODIUM BICARBONATE 


A controversial area of cardiac arrest therapy in- 
volves therapy for acid-base abnormalities. Traditional 
recommendations for its early administration were 
based on the premise that bicarbonate helped counter 
metabolic acidosis generated by anaerobic metabolism 
during hypoxia. Empiric administration of bicarbonate 
in an experimental canine model of CPR showed im- 
proved outcome.” 

However, current guidelines argue against routine 
bicarbonate administration and stress the importance 
of appropriate ventilation, oxygenation, and circula- 
tory support to control acidosis. Mixed venous acide- 
mia occurs with cardiac arrest and respiratory acido- 
sis”? Sodium bicarbonate administration can increase 
blood carbon dioxide tension (PCO») as per the bicar- 
bonate dissociation equation (H* + HCO*,; <4 HCO; 
© H:O + CO,), which is driven to the right toward 
CO, formation. This worsens venous respiratory acide- 
mia. In addition, tissue CO, production continues and 
accumulates in the venous system. For CO, to be elimi- 
nated, venous blood must be returned to the heart 
and pumped to the lungs, a process impaired during 
arrest. Carbon dioxide diffuses readily across tissue 
membranes. Central nervous system and intracellular 
acidosis worsen. Myocardial “CO, narcosis” may re- 
duce cardiac function and the ability to resuscitate 
the heart and may predispose to electromechanical 
dissociation.” 

Routine bicarbonate use is not currently advocated 
except when venous blood gas values or the patient’s 
history indicates severe metabolic acidosis after pro- 
longed CPR efforts. Alternatively, bicarbonate can be 
administered (0.5 to 1.0 mEq/kg IV) after at least 10 
to 15 minutes during the low-flow stage of CPR, or if 
a long interval transpired prior to CPR initiation. Care 
must be taken to provide adequate and effective venti- 
lation. 


OTHER AGENTS 


Anticholinergics are administered for severe sinus 
bradycardia and AV block caused by high vagal tone 
when reduction of the inciting vagotonia is ineffective 
(e.g., atropine, 0.02 to 0.04 mg/kg intramuscularly 
or subcutaneously). Intravenous administration may 
exacerbate sinus bradycardia and cause temporary 
atrioventricular block through a centrally mediated 
increase in vagal tone (chapter 38).°*:°° Calcium admin- 


istration during CPR is of doubtful value and may be 
harmful. Postresuscitation brain injury results from a 
cascade of detrimental events initiated by brain hy- 
poxia and ischemia. Loss of intracellular calcium ion 
homeostasis is a key factor responsible for cell disrup- 
tion and death and is associated with increased intra- 
cellular calcium.’ For electromechanical dissocia- 
tion, epinephrine and perhaps steroids rather than 
calcium should be administered. Calcium administra- 
tion is contraindicated except for severe hypokalemia, 
hypocalcemia, or calcium channel blockade toxicity. 
Calcium entry blockers have been shown experimentally 
to prevent postresuscitation brain hypoperfusion’ 
and improve resuscitation.'“’ However, they are not 
advocated at this time because of potential vasodilating 
effects and depression of cardiac conduction. 
Dexamethasone sodium phosphate (2.0 to 4.0 mg/kg 
IV) has been advocated for treating electromechanical 
dissociation.’ '° Corticosteroids may be beneficial in 
maintaining cell membrane integrity and in converting 
electromechanical dissociation. Dopamine may be ad- 
ministered by constant rate infusion (1 to 2 ug/kg/ 
min) to increase renal blood flow, or for its pressor (a- 
adrenergic agonist) effects (5 to 10 g/kg/min) to 
treat hypotension unresponsive to other therapies. °° 
Other pressors may be alternatively employed. Crys- 
talloids, colloids, or blood may be required for rapid 
volume fluid replacements if severe hypovolemia (e.g., 
hemorrhage, severe vomiting and diarrhea, pleuritis, 
peritonitis, and noncardiogenic shock) contributed to 
or was associated with the arrest. Isoproterenol causes 
increased myocardial oxygen demand through in- 
creased contractility and peripheral vasodilation (B- 
adrenergic effect) and is not advocated in CPR.'” Man- 
nitol (0.5 g/kg, slow IV infusion) may be warranted 
for cerebral edema. Furosemide and other cardioactive 
agents are required for managing heart failure. 


DEFIBRILLATION 


Rapid conversion to a stable, effective rhythm is 
critical for successful resuscitation when ventricular 
fibrillation, pulseless idioventricular rhythm, or 
pulseless ventricular flutter/fibrillation is detected or 
suspected in the absence of an ECG monitor. Early 
direct current defibrillation causes myocardial depolar- 
ization, ensuing asystole, and (it is hoped) return of 
ordered sinoatrial or other pacemaker initiated depo- 
larization-repolarization sequences. Factors that influ- 
ence successful defibrillation include (1) patient trans- 
thoracic resistance and resultant current flow, (2) 
energy level, (3) paddle size, (4) body weight, (5) 
metabolic abnormalities, and (6) duration of ventricu- 
lar fibrillation prior to shock. There is an inverse corre- 


lation between duration of ventricular fibrillation and 
successful defibrillation. 

Transthoracic resistance may increase more as a 
function of chest width than body weight and can be 
reduced with large paddles and firm contact pressure. 
Transthoracic resistance and current flow are minimal 
with a second shock delivered at the same energy 
level.” Thus, titration of shocks to higher energy lev- 
els may improve chances for successful defibrillation. 
Excessive energy can cause myocardial injury.''' Ap- 
proximate power settings (watt-sec) for small patients 
are external: 50 to 100; internal: 10 to 25. For large 
patients, external: 100 to 360; internal: 25 to 100. 

If there is no conversion after two or three concur- 
rent titrated shocks, the patient should receive epi- 
nephrine (0.2 mg/kg IV or 0.4 mg/kg intratracheally), 
followed by another maximum countershock relative 
to patient size. If pulseless ventricular tachycardia con- 
tinues, a lidocaine bolus (2.2 mg/kg IV for dogs; 1 to 
2 mg IV for cats) is administered, followed by an 
additional shock. Failure to convert to a stable rhythm 
at this time is a poor prognostic indicator. Therapy 
should then be refocused to correct underlying acid- 
base and metabolic derangements by improving oxy- 
genation and reducing metabolic acidosis through ef- 
fective ventilation, and by providing effective circula- 
tion (e.g., consider open-chest CPR if closed-chest CPR 
is being performed). Epinephrine can be readminis- 
tered. Sodium bicarbonate may be empirically given 
under conditions of known prolonged resuscitation 
time or failure to convert to a stable rhythm. If the 
patient transiently converts to a stable rhythm but the 
arrhythmia returns, the same countershock is reap- 
plied. 

If a defibrillator is not available when ventricular 
fibrillation or pulseless ventricular tachycardia is en- 
countered, a precordial thump can be delivered.'” 
The odds of effecting spontaneous conversion are low, 
but so is the associated risk. Lastly, chemical defibrilla- 
tion has been described, using a mixture of acetylcho- 
line (6 mg/kg)? or potassium chloride (1 mEq/kg), 
followed by 10 percent calcium chloride (0.2 ml/kg).’ 


CLINICAL MONITORING AND 
EVALUATION 


A global approach to patient monitoring incorpo- 
rates medical history and physical examination supple- 
mented with information gained through clinical, 
physiologic, clinical pathology, and radiographic test- 
ing. Monitoring should (1) assess physiologic derange- 
ments caused by organ hypoperfusion and hypoxia, 
(2) detect end-organ dysfunction, and (3) evaluate 
therapy.''* It is important to assess as many parameters 
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of cardiovascular and organ performance, oxygen 
transport, and tissue perfusion as possible. 


PERIPHERAL PERFUSION 


Mucous membrane color and refill time, urine out- 
put, and toe web temperature provide some assessment 
of peripheral and visceral organ perfusion that is 
largely regulated by vasomotor tone. Vasoconstriction 
(or reduced blood volume) decreases peripheral per- 
fusion and may cause pale mucous membrane color, 
prolonged capillary refill time, oliguria/anuria, and 
hypothermia. Vasodilation improves peripheral perfu- 
sion but, if extensive, may result in hypotension. 


MUCOUS MEMBRANE COLOR 


Skin or mucous membrane color is used as a crude 
assessment of tissue oxygenation, but it is really a 
rough estimate of hemoglobin oxygenation. Before 
cyanosis associated with hypoxemia can be detected, 
circulation of at least 5 gm/dl of deoxygenated hemo- 
globin must be present. Pale gray mucous membranes 
may result from cyanosis combined with peripheral 
vasoconstriction. Pink or reddish mucous membrane 
may be observed during initial stages of septic shock. 
Injected, dark red mucous membranes may result from 
cyanosis combined with hypoxemia and reduced 
blood flow.'!* 


HEART SOUNDS 


Heart sounds become softer and, ultimately, unde- 
tectable by auscultation when cardiac blood flow be- 
comes severely reduced or ceases. This may result from 
shock, myocardial failure, ventricular underfilling 
(e.g., cardiac tamponade), or low circulatory states. 
Muffled heart and lung sounds may also result from 
pneumothorax, severe pericardial or pleural effusions, 
or thoracic masses. 


HEART RATE 


Tachycardia results from increased sympathetic ner- 
vous system activation from any cause. Since cardiac 
output is the result of stroke volume multiplied by 
heart rate, tachycardia may develop during conditions 
associated with hypovolemia, heart failure, systemic 
and metabolic disease, and impending cardiac arrest. 
Bradycardia is often a preterminal or terminal event 
common to many animals with cardiopulmonary ar- 
rest. It can also develop from vagotonia. 
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ELECTROCARDIOGRAPHIC 
MONITORING 


Heart rate and rhythm are extremely labile in criti- 
cally ill animals, especially when cardiac arrest has 
occurred or is impending. Continuous ECG monitor- 
ing may disclose important clues indicating (1) cardio- 
vascular deterioration (e.g., progressive bradycardia, 
atrioventricular dissociation, or ST-T wave changes), 
(2) electrolyte disorders (e.g., hyperkalemia [tall, 
peaked T waves; prolonged PR interval; flattened or 
absent P waves; QRS prolongation]; hypokalemia [flat- 
tened T waves; lengthened QT intervals; ST segment 
changes]), (3) ST and T wave changes associated with 
hypoxia, infarction, or electrolyte changes, or (4) indi- 
cation of clinical improvement (e.g., reversal of above- 
mentioned ECG changes) or antiarrhythmic therapy 
efficacy." !* "'® Although it is important to identify and 
monitor the cardiac rhythm, it must be remembered 
that only electrical activity is being monitored, which 
does not provide information concerning myocardial 
function or effective circulation. Arrhythmias reported 
during cardiopulmonary arrest included ventricular 
asystole (24 percent in dogs; 18 percent in cats); elec- 
tromechanical dissociation (21 percent vs. 34 percent); 
ventricular fibrillation (21 percent vs. 14 percent); si- 
nus bradycardia (18 percent vs. 16 percent); and ven- 
tricular tachycardia (4 percent vs. 4 percent)."! 


ARTERIAL PULSES 


Arterial pulses are governed by left ventricular 
stroke volume, arterial compliance, and capacity 
(chapter 35). Lack of palpable arterial pulse is an 
indicator of cardiopulmonary arrest or hypotension. 
Studies in anesthetized animals report variable systolic 
pressures associated with loss of palpable femoral arte- 
rial pulses (40 to 80 mmHg) and palpable heart beat 
(30 to 55 mmHg).* ” 1!” Variability depends on clini- 
cian experience, animal size and conformation, and 
vascular tone. Chest compressions should be started 
immediately when pulselessness is recognized. Exag- 
gerated arterial pulses may occur with anemia, fever, 
sympathetic hyperactivity, or severe bradycardia; weak- 
ened arterial pulses may occur with severe tachycardia 
and hypovolemia (i.e., weak, thready pulses associated 
with reduced stroke volume and vasoconstriction). 


ARTERIAL BLOOD PRESSURE 
MONITORING 


Trends in arterial blood pressure can be monitored 
invasively or noninvasively (chapter 35), which pro- 
vides essential information to guide therapy and assess 


hemodynamic status. As a general guide, it is desirable 
to maintain systolic arterial pressure over 100 mmHg 
and mean pressure over 70 mmHg. Therapy is gener- 
ally warranted with a systolic pressure of less than 80 
mmHg and a mean pressure of less than 60 mmHg. 


QUALITATIVE DOPPLER BLOOD FLOW 
MONITORING 


A pediatric blood flow probe (Model 811B, Parks 
Medical Electronics, Aloha, OR) can be useful to pro- 
vide a general, qualitative indicator of arterial blood 
flow.!* 23 2526 37.117 Tt may also help evaluate the relative 
effectiveness of chest or cardiac compression when 
attempting to generate forward blood flow. 


OXYGEN TRANSPORT AND TISSUE 
PERFUSION 


Microcirculatory maldistribution results in tissue hy- 
poxia and anoxia (chapter 14). Circulating blood vol- 
ume is the most important factor affecting tissue perfu- 
sion and oxygen delivery. Systemic tissue oxygen 
transport is defined as the product of cardiac output 
and arterial oxygen content (TO, = CO Xx CaO»). 
The main determinants of tissue oxygen transport are 
arterial oxygen content (CaO,) and cardiac output 
(CO). Major determinants of CaO, are hemoglobin 
concentration (Hb), which is indirectly assessed by 
packed cell volume (PCV), and degree of Hb satura- 
tion, which can be evaluated by pulsed oximetry. Thus, 
CaO, = Hb x 1.34 X SaO». The major determinants 
of cardiac output are heart rate and stroke volume 
(CO = HR x SV). 


HEMOGLOBIN SATURATION 
MONITORING BY PULSE OXIMETRY 


Estimation (percent) of hemoglobin oxygen satura- 
tion (SpO,) may be made by pulse oximetry instru- 
ments using infrared light sensors applied to mucous 
membranes or skin.''* Y° The pulse oximeter allows 
continuous monitoring of hemoglobin saturation, al- 
though most instruments are designed for human use 
and often have trouble recording SpO, transcutane- 
ously. Normal SpO, recordings depend somewhat on 
probe placement site, with the tongue and lip consid- 
ered the best sites.!'? Normal SpO, values exceed 96 
percent. Lower values may indicate relative oxygen 
desaturation and hypoxemia, which could increase the 
risk for cardiopulmonary arrest. The accuracy of 
pulse oximetry readings in dogs may be diminished at 
low saturation.'”° 


BLOOD GAS ANALYSIS 


Arterial blood oxygen may be expressed as (1) the 
partial pressure of oxygen (PaOe), (2) the percent 
hemoglobin saturation (SpO,), and (3) the arterial 
oxygen content (CaO,). These measurements are in- 
terrelated but not synonymous. Arterial carbon diox- 
ide is expressed as the partial pressure of CO, 
(PaCO,). Ventilatory status is assessed by PaCO». The 
lung’s ability or efficiency to oxygenate the blood is 
indicated by PaO,.” '4 Blood pH identifies the severity 
of acid-base derangement. 


PARTIAL PRESSURE OF OXYGEN 


Arterial PO, (PaOz) is a measure of pulmonary oxy- 
genating efficiency. Hypoxemia is considered present 
when PaO, is less than 60 mm Hg. An animal may 
have normal PaO,, yet still have reduced blood oxygen 
content if anemia or methemoglobinemia is present. 
Hypoventilation is correlated with hypoxemia when 
the animal is breathing room (but not oxygen-en- 
riched) air.” 


PARTIAL PRESSURE OF CARBON 
DIOXIDE 


Arterial PCO, (PaCO,) indicates a measure of venti- 
latory status (normal, 35 to 45 mmHg). It should be 
assessed in concert with PaOs, since both parameters 
tend to change in opposite directions relative to each 
other. Hyperventilation is indicated by a PaCO, of less 
than 35 mmHg, and less than 20 mmHg is associated 
with severe respiratory alkalosis; hypoventilation is in- 
dicated by a PaCO, greater than 45 mmHg (> 60 
mmHg indicates severe respiratory acidosis, hypoventi- 
lation, and possibly hypoxemia if breathing room air).’ 
End-tidal carbon dioxide monitoring may be accom- 
plished with a capnograph through sensors affixed to 
the end of an ET tube. End-tidal CO, values greater 
than 15 mmHg indicate that CO, is reaching the alve- 
oli and pulmonary gas exchange is occurring, implying 
some effectiveness of CPCR.** *? Values lower than this 
indicate poor blood flow and/or inadequate respira- 
tory exchange. End-tidal CO, correlates only variably 
with PaCOy,.* 12! 


ARTERIAL AND VENOUS 
CATHETERIZATION 


Central venous catheterization (intrathoracic anterior 
vena cava or right atrium via the jugular vein) allows 
central venous pressure (CVP) monitoring. The CVP 
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measurement results from interrelationships among 
right ventricular function, venous return, and vascular 
volume and is useful to guide the rate (but not vol- 
ume) of fluid administration. It should be interpreted 
in relation to other cardiovascular parameters. A large, 
acute increase in CVP (> 5 to 7 cm H,O), or a reading 
of greater than 10 cm H:O during fluid administration, 
may indicate an excessively rapid fluid administration 
rate. 

Pulmonary artery catheterization allows measurements 
of pulmonary wedge pressure, an index of left ventric- 
ular filling (greater than 15 to 20 mmHg may herald 
pulmonary edema), pulmonary artery pressure, and 
cardiac output. It facilitates mixed venous blood sam- 
pling to assess and derive oxygen transport variables. 

Peripheral arterial catheterization facilitates arterial 
blood sampling and provides access for continuous 
direct blood pressure monitoring. 


CLINICAL PATHOLOGY AND OTHER 
ASSESSMENTS 


Multiorgan function or tissue injury may be evalu- 
ated by appropriate clinical pathology, including bio- 
chemical profiles, hemograms, and urinalysis. Blood 
coagulability tests and platelet counts should be as- 
sessed to detect disturbances in blood clotting. Radiog- 
raphy is useful to detect and uncover underlying disor- 
ders or untoward effects resulting from CPR, such as 
pneumothorax, pulmonary contusion or edema, and 
rib fractures. 


POSTRESUSCITATION 
BRAIN-ORIENTED THERAPY 


Clinical deterioration of neurologic status resulting 
from cardiac arrest is triggered by initial ischemia and 
exacerbated by subsequent reperfusion. This may 
cause irreversible brain damage and worsen survival. 
Pathophysiology may be related to (1) cerebral reper- 
fusion failure;'”? (2) cerebral reoxygenation injury 
from cell-necrotizing cascades perhaps related to cal- 
cium shifts and free radical reactions;!?* 4 and (3) 
blood toxemia associated with microcirculatory stasis 
and tissue factors.'*° Accordingly, emphasis during CPR 
is increasingly placed on preserving the integrity of 
neuronal brain function. The challenge for cerebral 
resuscitation is to direct interventions to overcome 
these complex mechanisms and improve cerebral out- 
come. Certain postresuscitation life support protocols 
being evaluated in human medicine! potentially may 
prove useful for dogs and cats. 
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Syncope and 
Episodic Weakness 


JOHN E. RUSH 


Syncope is a sudden, transient loss of consciousness with spontaneous 
recovery. Episodic weakness, near-syncope, and presyncope represent less 
severe grades of syncope characterized by sudden generalized muscle weak- 
ness, rear limb weakness, ataxia, or collapse. Syncope should not be thought 
of as a clinical entity, but rather as a sign of an underlying disease. 


CAUSES AND CLINICAL SIGNIFICANCE 


The cause of syncope should be aggressively pursued because underlying 
disorders are often severe or potentially lethal. Causes range from benign 
conditions to life-threatening arrhythmias and fall into one or more of 
four major pathophysiologic categories: (1) cardiogenic dysfunction, (2) 
hypotensive disorders, (3) alterations in blood constituents, and (4) neuro- 
logic causes. It is important to consider causes other than structural cardio- 
vascular disease in cases of syncope. In three large human studies, cardiovascular 
disease was established as the cause in only 13 percent of patients.'* Diagnosis, 
however, is often elusive. Although no comparable data exist for animals, the 
cause of syncope in up to 40 percent of humans is never identified.’ 


CARDIOGENIC SYNCOPE 


Common causes of this category include bradyarrhythmias (e.g., advanced 
heart block, severe sinus bradycardia, sick sinus syndrome); supraventricular 
or ventricular tachycardias; cardiac underfilling (e.g., cardiac tamponade, 
large space-occupying intracardiac masses); and reduced ventricular ejection 
(e.g., aortic or pulmonic stenosis, hypertrophic obstructive cardiomyopathy, 
severe intravascular volume depletion). 


HYPOTENSIVE SYNCOPE 


Hypotension is often the cause of episodic weakness or presyncope, and 
it can Cause syncope in some animals. It may result from inadequate cardiac 
performance, decreased blood volume, or diminished vascular tone. Inade- 
quate cardiac pump function in dilated cardiomyopathy can result in hypo- 
tension and syncope. Causes of hypovolemia include external, internal, or 
gastrointestinal blood loss, excessive diuresis, diarrhea, hypoadrenocorticism, 
and diseases that lead to fluid loss. Hypotensive weakness must be considered 
in animals receiving cardiac drug therapy, especially vasodilators and ß- 
adrenergic blocking drugs. 


SYNCOPE FROM ALTERED BLOOD 
CONSTITUENTS 


Less common causes of syncope include hypoglyce- 
mia, hypoxia, severe anemia, and hyperviscosity syn- 
dromes. The brain has very limited storage of high- 
energy phosphates for oxidative phosphorylation and 
requires continuous delivery of both oxygen and glu- 
cose for normal function. 


NEUROGENIC SYNCOPE 


Diseases that cause obstruction to cerebral blood 
flow, such as thromboembolism and arteriosclerosis, 
can also cause syncope. Cessation of blood flow for as 
little as 7 to 10 seconds can lead to loss of conscious- 
ness. Prevailing systemic, metabolic, or cardiovascular 
diseases can worsen this condition. 


CLINICAL APPROACH TO THE 
SYNCOPAL PATIENT 


The goals of evaluation are to (1) establish a diagno- 
sis, (2) define related and contributory factors, (3) 
assess the risk related to future events, (4) determine 
the need for therapy, and (5) establish a prognosis. 
Because of the transient nature of syncope, most pets 
are asymptomatic at the time of clinical examination. 

A complete physical examination must be per- 
formed. In my practice, over 50 percent of syncope 
cases were diagnosed following initial history, physical 
examination, 10-lead electrocardiogram (ECG), and 
thoracic radiographs. The ECG should include a lead 
II rhythm strip for at least 5 minutes. 

Additional testing may be required. Clinical pathol- 
ogy may provide additional useful information, includ- 
ing a complete blood count, serum biochemistry pro- 
file (including glucose and potassium levels), and 
urinalysis. Evaluation of the stool for occult blood may 
identify patients with hypovolemia resulting from gas- 
trointestinal bleeding. Echocardiography should be 
performed when a cardiovascular cause is suspected 
or when routine testing fails to identify a cause of 
syncope. Blood pressure measurement is useful in ani- 
mals receiving cardiovascular active drugs. If clinically 
indicated and available, serum drug concentrations 
should be assessed. Abdominal radiographs and diag- 
nostic ultrasound are helpful to detect abdominal 
masses, especially in elderly or large-breed dogs such as 
German shepherds and golden retrievers with episodic 
weakness due to bleeding tumors. 
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DIFFERENTIATION OF 
SYNCOPE 
AND SEIZURES 


HISTORY 


A careful history should include a complete and 
detailed description of the “event” to help differenti- 
ate seizures from syncopal episodes. Syncope, collapse, 
and seizures are common clinical presentations for a 
variety of diseases (Table 22-1). Historical data that 
favor a diagnosis of syncope over seizures are concur- 
rent cardiac disease; precipitation of syncope by 
coughing, excitement, or exercise; history of severe 
cardiac arrhythmias; syncope or sudden death in re- 
lated animals; and vasodilator or B-adrenergic blocking 
drug therapy. Lack of response to anticonvulsant thera- 
pies or episodes of increasing frequency despite initia- 
tion of anticonvulsant drugs favor a diagnosis of syn- 
cope. 

Teaching the pet owner how to observe and record 
future abnormal occurrences is often helpful. This 
must include the observations of the pet’s “event,” 
associated behavior, and circumstances. Many clients 
can be taught how to take an accurate pulse rate or 
heart rate with an inexpensive stethoscope. 


TABLE 22-1 
Differential Diagnoses for Syncope and Episodic 
Weakness 


Primary cardiac causes (see Table 22-2) 
Arrhythmias 
Obstruction to cardiac filling 
Obstruction of ventricular ejection 
Hypotension 
Inadequate cardiac output (e.g., dilated cardiomyopathy, 
tachy/bradyarrhythmia) 
Inadequate vascular tone (e.g., vasodilators, B-blockers) 
Inadequate blood volume 
Blood loss 
Internal (e.g., splenic hemangiosarcoma, GI blood loss) 
External (e.g., trauma) 
Diuresis (e.g., furosemide) 
Hypoadrenocorticism 
Fluid loss (e.g., emesis, diarrhea) 
Hypoxemia (e.g., respiratory failure, pulmonary 
thromboembolism) 
Abnormalities of blood constituents 
Hypoglycemia 
Hypokalemia 
Anemia 
Hepatoencephalopathy 
Neurologic and neuromuscular disorders 
Epilepsy 
Structural CNS disorders 
Neoplasia 
Cerebral arterial disease 
Thromboembolism 
Narcolepsy 
Myasthenia gravis 
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CLINICAL OBSERVATION 


Observable components of a classic seizure include 
(1) a preictal period, (2) an ictus or seizure event 
composed of tonic/clonic limb motions and, fre- 
quently, motor activity, chomping, and hypersalivation, 
and (3) a postictal period of variable duration (com- 
monly 10 minutes or longer). Involuntary urination 
and defecation can occur with either seizure or syn- 
cope. 

Components of a classic syncopal episode include 
collapse and transient loss of consciousness. Infre- 
quently, affected animals may display an outward indi- 
cation of impending collapse, such as acute weakness, 
staggering, or vocalization. Compared with animals 
with seizures, syncopal patients are more likely to ex- 
tend their head back into a position of opisthotonos. 
The animal in syncope is often motionless; skeletal 
muscles may be relaxed or the limbs may be rigidly 
extended. Subsequently, struggling to rise can occur 
during recovery from the episode. This is often frantic, 
is somewhat uncoordinated, and can be confused with 
tonic/clonic limb motions. Many syncopal animals 
have normal mentation immediately following the syn- 
copal event, compared with the blunted mentation 
typical of postictal seizure behavior. Most syncopal ani- 
mals are able to walk normally within a few minutes 
after the syncopal event. Facial chomping and hyper- 
salivation are rarely noted in syncopal pets. 

The duration of the “event” may be useful in differ- 
entiating seizures from syncope. Seizures have a vari- 
able duration, but the actual ictus often lasts 1 to 2 
minutes. In small-breed dogs with endocardiosis and 
coughing, and in cats with hypertrophic cardiomyopa- 
thy, the syncopal episode may last for only a few sec- 
onds. Many are then able to stand within 1 minute. 
Alternatively, syncopal episodes may last much longer 
in large-breed dogs, pets with prolonged ventricular 
arrhythmias, and disorders causing obstruction to 
blood flow. Five to 15 minutes may elapse until the 
animals are strong enough to rise. In animals with 
hypovolemia or drug-induced weakness, the duration 
of the event is quite variable, but it may last for minutes 
to hours. 

Identification of underlying diseases may help differ- 
entiate syncope from seizures. Most metabolic causes 
of seizures and weakness (i.e., hypoglycemia, hepatic 
failure, anemia, hypokalemia) can be determined by 
routine diagnostic tests, especially when clinical signs 
are manifested. If neurologic deficits are present, car- 
diovascular syncope is unlikely. 

In some cases, the cause of the event is still unclear 
after soliciting a careful history, performing a clinical 
examination, and initial testing. It should be recog- 
nized that generalized clonic movements may occur 
with any condition that results in severe hypotension 
and pancerebral hypoperfusion. Differentiation of syn- 


cope from a true seizure can be difficult in these 
situations. 


SPECIALIZED TESTING 


Continuous Ambulatory ECG (Holter Monitor) 
Recording 


The use of intermittent, short-duration ECG rhythm 
strips to intercept transient arrhythmias is highly unre- 
liable. Holter monitor recording, or continuous ambu- 
latory ECG recording, can be used to search for ar- 
rhythmic causes of syncope (see also chapter 18). The 
optimal duration of Holter monitoring is not known. 
However, it is generally accepted that 24 hours of ECG 
monitoring increases the overall detection of arrhyth- 
mias when compared with 12 hours. The Holter moni- 
tor is attached to the patient and the ECG is recorded 
on a tape for subsequent analysis. As the duration of 
the recording is only 24 hours, syncopal events that 
occur infrequently may not be identified. If the synco- 
pal event occurs during the recording period sponta- 
neously or when precipitated by exercise or excite- 
ment, this diagnostic test can be highly useful (Fig. 
22-1). 

Holter recording may yield positive, negative, or 
inconclusive findings. Results are positive when syn- 
cope occurs at the time of a hemodynamically signifi- 
cant arrhythmia, in which case the arrhythmia is impli- 
cated as the cause for the event. Negative results occur 
when the recorded ECG is normal at the time of 
the collapsing episode. In this case, causative cardiac 
arrhythmia can be excluded. Often, the animal does 
not collapse or have a syncopal episode during the 
recording period and the Holter monitoring re- 
cordings contain no suspicious arrhythmias. 

In certain cases, cardiac arrhythmias known to be 
associated with collapse (i.e., ventricular tachycardia 
or advanced atrioventricular block) are identified by 
Holter monitoring but were not hemodynamically se- 
vere enough to have resulted in collapse. Despite a 
lack of temporal association, the arrhythmia is often 
presumed to be causative, and suppressive antiarrhyth- 
mic therapy is instituted (chapters 17 to 19). When 
structural heart disease is present, runs of ventricular 
tachycardia during Holter monitor recording may have 
greater clinical significance than ventricular arrhyth- 
mias recorded in animals having normal cardiac struc- 
ture and function. Ventricular arrhythmias may be 
more significant when recorded in Doberman pin- 
schers and boxers with cardiomyopathy or myocarditis 
(chapter 27). 

In a study evaluating a large number of syncopal 
humans, Holter monitor recording had a low diagnos- 
tic yield.” Similar studies are not available for animals, 
although in my experience, definitive diagnostic find- 
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FIGURE 22-1 


Holter monitor recordings from 


a dog with dilated 
cardiomyopathy and episodic 
weakness. Medications included 
digoxin, furosemide, captopril, 


and diltiazem. (A) Atrial 


fibrillation at 200 beats/min. (B) 


Atrial fibrillation with ventricular 


arrhythmias. Weakness was not 
evident at the time of this 
recording. (C) ECG recording at 


the time of weakness, 40 minutes 


after diltiazem administration, 


shows atrial fibrillation with 
profound bradycardia, 
presumably due to advanced AV 


block. One junctional beat and 


two ventricular escapes are 


identified. Episodic weakness 


resolved with discontinuation of 


diltiazem. Paper speed, 25 mm/ 


sec; lcm = l mV. 


ings should be expected in no more than 15 to 20 
percent of Holter recordings. 


In-Hospital ECG Monitoring 


Electrocardiographic monitoring during hospitaliza- 
tion may permit identification of arrhythmias responsi- 
ble for syncope or episodic weakness. Continuous ECG 
monitoring is useful in selected patients, either in 
combination with or as a substitute for Holter monitor 
recording. Continuous monitoring may be performed 
using telemetric ECG recordings or hard-wire re- 
cordings in which the patient is directly connected to 
the electrocardiograph. If continuous monitoring is 
not possible, serial ECGs recorded every 2 to 4 hours 
may help identify some transient arrhythmias. 


Exercise ECG Testing 


In some cases, exercise may provoke arrhythmia or 
syncope, and ECG monitoring may document the 
event. There are no standardized regimens for exercise 
ECG testing in small animals. Because cats rarely coop- 
erate with exercise, the technique is used almost exclu- 
sively in canines. Dogs are usually exercised on a tread- 
mill or in an open area. Exercise testing is terminated 
if the patient collapses or when significant arrhythmia 


is identified. In many instances, none of these end- 
points are reached. 

Exercise stress testing may be especially useful in 
evaluation of dogs who manifest clinical signs with 
exertion or excitement. The lack of an appropriate 
increase in heart rate in response to exercise may point 
to sinus node dysfunction in patients with unexplained 
bradycardia. Development of exercise-induced AV 
block at low heart rate suggests disease in the distal 
portions of the conduction system. Supraventricular 
and ventricular tachyarrhythmias may also be provoked 
by exercise. It has been hypothesized that ventricular 
tachycardias precipitated by exercise may reflect a cate- 
cholamine sensitivity, implying that B-blockade may 
be useful. In people, exercise testing is considered 
diagnostically inferior to Holter monitoring, although 
in selected individuals this test may be preferred.’ 


Vagal Maneuver or Other Provocative Testing 


If identifiable circumstances or provocations can 
produce significant arrhythmias or collapse, these ac- 
tivities should be performed during ECG monitoring. 
Coughing or excitement can precipitate collapse in 
some small-breed dogs, and tracheal stimulation dur- 
ing ECG monitoring may incite arrhythmia and syn- 
cope. In others, vagal maneuvers performed during 
ECG monitoring may demonstrate exaggerated vagal 
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response with marked bradycardia, sinus arrest, or AV 
block. 

Carotid sinus massage is performed with the head 
extended and turned slightly away from the side to be 
massaged (chapters 18 and 19). The carotid sinus is 
located just caudal to the angle of the mandible and 
dorsal to the trachea. This region is compressed up- 
ward against the vertebral bodies and is repeatedly 
massaged in a cranial-to-caudal direction. If a vagal 
maneuver produces profound bradycardia in a pet 
with syncope, a therapeutic trial with anticholinergic 
drugs may be attempted. 

Another proposed provocation during ECG testing 
is partial airway obstruction. Susceptible individuals 
may increase inspiratory effort, which may result in a 
reflex-induced bradycardia. 


Signal-Averaged ECG, Upright Tilt Testing, and 
Electrophysiologic Testing 


These specialized techniques are used to evaluate 
people with syncope but have had little exposure in 
clinical veterinary medicine. Signal-averaged electro- 
cardiography has identified people who are likely to 
have ventricular tachycardia as the cause of syncope.’ 
Upright tilt testing is used to evaluate humans for 
vasovagal or vasodepressor syncope. When tilted at a 
70° angle for up to 15 minutes, patients predisposed 
to vasovagal syncope will experience syncope or presyn- 
cope.® Electrophysiologic testing involves cardiac cath- 
eterization to induce arrhythmias and record intracar- 
diac electrograms. The diagnostic yield appears to be 
highest in humans with underlying structural heart 
disease or coronary artery disease.’ 


MANAGEMENT OF SYNCOPE 


CARDIOGENIC SYNCOPE 


Arrhythmias 


Arrhythmias are important causes of syncope in dogs 
and cats. Bradycardia associated with advanced forms 
of atrioventricular block is a recognized cause of feline 
syncope.'” |! In cats with hypertrophic obstructive car- 
diomyopathy, syncope or episodic weakness can accom- 
pany activity, which usually increases heart rate and 
dynamic left ventricular outflow tract obstruction (Fox 
PR, personal communication). In dogs, tachycardia- 
induced syncope is observed with some frequency. It 
is typically associated with ventricular arrhythmias, al- 
though atrial fibrillation and supraventricular tachycar- 
dia can also cause syncope or episodic weakness. High- 
grade second-degree and complete atrioventricular 
block and sick sinus syndrome account for most brady- 


arrhythmias resulting in syncope.!? Asystole and severe 
sinus bradycardia can result in collapse. Arrhythmia 
management is discussed in detail in chapters 17 to 19. 


TACHYARRHYTHMIAS. Syncope resulting from ventricu- 
lar or supraventricular tachyarrhythmia is usually asso- 
ciated with significant underlying cardiac disease or 
severe extracardiac disorders. Affected animals should 
always have a thorough evaluation, including radio- 
graphic and echocardiographic examinations and ap- 
propriate clinical pathology testing. Dilated cardiomy- 
opathy and chronic acquired valve disease are the most 
common causes of canine tachyarrhythmias. Syncope 
frequently accompanies concurrent congestive heart 
failure. In cats, tachyarrhythmias are usually associated 
with hypertrophic and restrictive cardiomyopathy or 
hyperthyroidism. 

Hemodynamically and electrically unstable tachyar- 
rhythmias often result from severe extracardiac dis- 
eases. Hemangiosarcoma involving the right atrium is 
a common cause of ventricular tachycardia in large- 
breed older dogs. Other neoplasia may also invade the 
heart, especially lymphoma in the cat. Systemic and 
metabolic disorders, sepsis, and coagulopathies may 
cause myocardial structural or functional changes and 
arrhythmias (chapter 33). Therapy is directed at both 
arrhythmia suppression and the underlying disorder. 

The prognosis for animals with syncope due to tachy- 
arrhythmias is related to the type and degree of under- 
lying disease. Ventricular arrhythmias are much more 
likely to result in sudden death than supraventricular 
arrhythmias, and for this reason they should be aggres- 
sively treated. In one human study,’ the overall l-year 
mortality rate for patients with cardiovascular cause for 
syncope was 30 percent. The subgroup with the highest 
risk had advanced atrioventricular block or ventricular 
tachycardia. Especially with ventricular tachycardia, 
syncope is often an antecedent to sudden death.” 
Although the therapeutic end-point of antiarrhythmic 
therapy is a matter of debate, effective management 
should be directed to alleviate syncope and reduce the 
likelihood of sudden death (chapters 17 to 19). 


SICK SINUS SYNDROME. This condition causes sinus 
slowing, sinus arrest, and supraventricular tachycardia 
(Fig. 6-36). A form of sick sinus syndrome—the 
bradytachy syndrome—is present when extended inter- 
vals of asystole without escape beats are punctuated by 
supraventricular tachycardia. Most affected dogs are 
symptomatic during these intervals of prolonged 
bradycardia. Pacemaker implantation prevents further 
episodes of syncope. Sick sinus syndrome rarely can be 
managed with oral anticholinergics (e.g., propanthe- 
line, 0.25 mg/kg tid), B-adrenergic drugs (e.g., terbu- 
taline, 0.25 to 1.0 mg/kg tid) or theophylline (e.g., 
aminophylline, 6 to 10 mg/kg tid). When pacemaker 
implantation is not possible, the likelihood for recur- 


rent syncope is high, although sudden death is uncom- 
mon. 


BRADYARRHYTHMIAS. High-grade second-degree AV 
block and complete (3°) AV block commonly results 
in symptomatic bradycardia and syncope in dogs and 
cats. Most symptomatic pets have advanced AV block 
on their resting ECG. However, some may only have 
mild AV block, with or without accompanying conduc- 
tion system abnormalities (i.e., bundle branch block 
or fascicular block). Occasionally, long intervals of nor- 
mal conduction occur. The arrhythmia may represent 
a manifestation of widespread cardiac disease such as 
cardiomyopathy or myocarditis. Pacemaker implanta- 
tion is indicated for advanced AV block and usually 
abolishes syncope (chapter 20). The prognosis without 
pacemaker implantation is guarded, and sudden death 
is common. 


Structural Cardiac Diseases 


Common cardiac diseases associated with syncope 
include aortic stenosis, pulmonic stenosis, dilated car- 
diomyopathy, advanced chronic acquired valvular dis- 
ease, hypertrophic cardiomyopathy, cardiac neoplasia, 
and pericardial effusion (Table 22-2). Pulmonary em- 
bolism and pulmonary hypertension, with or without 
heartworm disease, can also cause syncope. 


OBSTRUCTION TO FORWARD BLOOD FLOW. With severe 


TABLE 22-2 
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cardiac outflow obstruction from aortic or pulmonic 
valve stenosis, exercise may precipitate syncope when 
forward cardiac output is impeded. Hypertrophic car- 
diomyopathy may cause dynamic obstruction to the 
left ventricular outflow tract secondary to ventricular 
septal hypertrophy and abnormal anterior mitral valve 
motion (i.e., hypertrophic obstructive cardiomyopa- 
thy), although inadequate coronary circulation or ar- 
rhythmias may also contribute (chapter 28). 


HEART FAILURE. Although not a disease per se, heart 
failure results from a variety of structural or functional 
cardiac derangements. Syncope often occurs with the 
onset of cardiac decompensation and thus serves as a 
clinically useful marker of congestive heart failure. 
Dogs with dilated cardiomyopathy or chronic valvular 
disease can collapse when cardiac output is decreased 
by myocardial failure, valvular regurgitation, or tachy- 
cardia, especially when combined with coughing (see 
tussive syncope later). Overzealous diuresis or hypoten- 
sion caused by vasodilator drugs may be contributory. 
The prognosis is better for collapse associated with 
heart failure than for syncope resulting from ventricu- 
lar arrhythmias. 


VENTRICULAR UNDERFILLING. Intracardiac mass lesions 
may reduce ventricular filling by obstructing blood 
flow through atrioventricular valves, by obstructing the 
right ventricular outflow tract, or interfering with 
blood returning from systemic or pulmonic veins. Car- 


Cardiovascular Causes of Syncope and Breed Predispositions 


Causes of Syncope 


Breed Predispositions* 


Structural Heart Diseases 
Dilated cardiomyopathy 
Chronic valvular disease 
Pulmonic stenosis 
Aortic stenosis 
Right-to-left shunting congenital defects 
Hypertrophic cardiomyopathy 
Pericardial effusion 
Intracardiac mass lesions (neoplasia; thrombus) 

Cardiac Arrhythmias 
Sick sinus syndrome 
Advanced AV block 
Asystole 
Sinus bradycardia 
Supraventricular tachycardia 
Ventricular tachycardia 

Cor Pulmonale 
Pulmonary embolism 
Pulmonary hypertension 
Heartworm disease 

Tussive “Cough Drop” Syncope 

Vasovagal Syncope 


Doberman pinscher, boxer, cocker spaniel, giant-breed dogs 
Small-breed dogs (middle-aged to geriatric) 

English bulldog, Samoyed, beagle, Chihuahua, cocker spaniel, others 
Newfoundland, boxer, golden retriever, German shepherd, others 
English bulldog 

Cats (Maine coon, Himalayan); German shorthair pointer 

German shepherd, golden retriever, others 


Miniature schnauzer, dachshund 
German shepherd, dachshund, pug, Doberman pinscher 


Labrador retriever 
German shepherd, boxer, Doberman pinscher 


Small-breed dogs with combined cardiopulmonary disease 


Boxer, brachycephalic breeds? 


*Does not exclude other breeds from being affected. 


452 ABNORMAL CARDIOVASCULAR FUNCTION AND PRINCIPLES OF THERAPY 


diac tamponade is the most common cause of ventricu- 
lar underfilling (chapter 29) and is commonly associ- 
ated with ventricular arrhythmias in dogs. Episodic 
weakness from lack of forward cardiac output is a 
common clinical complaint. The prognosis is largely 
dependent upon etiology. 


Vasovagal and Related Reflex Causes of Syncope 


This category includes vasovagal syncope and other 
recognized or proposed etiologies resulting from inap- 
propriate autonomic reflex responses, including ca- 
rotid sinus hypersensitivity, postural hypotension, and 
syncope induced by micturition, defecation, or hyper- 
ventilation. 


VASOVAGAL (NEUROCARDIOGENIC) SYNCOPE. In humans, 
vasovagal syncope is the most common identifiable 
cause of syncope. The term “‘neurocardiogenic syn- 
cope” has replaced “vasovagal syncope.” Neurocardio- 
genic syncope is the result of counterproductive re- 
flexes that defeat the normal vascular responses 
needed to maintain blood pressure.'* Hypotension or 
hypovolemia are precipitating events. In a normal indi- 
vidual, hypotension or hypovolemia is counteracted by 
increases in adrenergic sympathetic tone and dimin- 
ished parasympathetic tone. In susceptible patients, 
syncope occurs when there is a sudden withdrawal of 
sympathetic tone and an increase in parasympathetic 
activity. This results in a precipitous drop in vasomotor 
tone at the same time as decreasing heart rate. It is 
this paradoxic interruption of the normal responses to 
hypovolemia that causes syncope. This abnormal reflex 
appears to occur in response to cardiac mechanorecep- 
tor stimulation. The initial adrenergic stimulation in 
response to hypovolemia leads to vigorous contraction 
of a relatively empty ventricle. This stimulus to myocar- 
dial mechanoreceptors, or C fibers, results in inhibi- 
tion of sympathetic tone and increases parasympa- 
thetic efferent activity. The overall consequences of 
these reflexes are hypotension and bradycardia, and 
the resulting decrease in cerebral blood flow causes 
syncope. 

In most patients, both components of the abnormal 
reflex are active, although in a given individual one com- 
ponent may predominate. Therefore, in any given pa- 
tient, either the vasodepressor aspect or the bradycardic 
aspects may be primarily responsible for symptoms. Stud- 
ies in animals and in people have documented that allevi- 
ation of the bradycardic limb of the reflex with atropine 
or cardiac pacing fails to prevent the occurrence of syn- 
cope. 

Vasovagal syncope can occur in normal healthy ani- 
mals or in animals with systemic disease. Boxers have 
been described with a syndrome that resembles vasova- 
gal syncope. Individual animals may have a predispo- 
sition to develop vasovagal syncope, and the additional 


stress of another disease process can increase the fre- 
quency of syncopal events. Dehydration, hypovolemia, 
and certain drugs are recognized to lead to its develop- 
ment. 

Vasodepressor syncope may be managed with either 
anticholinergic drugs (e.g., propantheline, 0.25 to 1.0 
mg/kg tid) or B-blocking drugs (e.g., metoprolol, 0.2 
to 1 mg/kg tid). Anticholinergic drugs act to prevent 
the reflex cardiac slowing, but as previously described, 
this may be inadequate treatment to prevent syncope; 
B-adrenergic blockers work earlier in the reflex arc to 
prevent the initial release of catecholamines. In addi- 
tion, B-blockers have a blocking effect on cardiac 
mechano-receptors. Disopyramide is reported to be an 
effective treatment in people with neurocardiogenic 
syncope. I have managed several young boxers with a 
syndrome that resembles neurocardiogenic syncope. 
Although a definitive diagnosis was not confirmed, 
frequent syncope has been well controlled for several 
years with metoprolol (0.2 to 1 mg/kg bid to tid), a 
B,-specific B-blocker. The prognosis with neurocardio- 
genic syncope is good; although recurrent syncope is 
possible, sudden death is unlikely. 


CAROTID SINUS HYPERSENSITIVITY. This is an uncom- 
mon cause of syncope. Stimulation of the carotid sinus 
sends afferent impulses to the vasomotor center of 
the brain. Increased vagal tone leads to bradycardia, 
whereas diminished vasomotor tone results from inhi- 
bition of the sympathetic nervous system. This syn- 
drome has been reported in humans with neoplasia 
and inflammatory processes in the neck. 


ADDITIONAL CAUSES OF REFLEX SYNCOPE. In humans, 
these include postural hypotension, hyperventilation, 
and syncope during or following micturition or defeca- 
tion. Postural hypotension results from inadequate in- 
crease in vascular tone when rising from recumbency. 
Volume depletion and cardiac medications may con- 
tribute to this problem. Oropharyngeal stimulation, 
gastric distention, and capsular pressure resulting from 
swelling of internal organs may also initiate reflexes 
that result in syncope. Hyperventilation is reported to 
lead to syncope via hypocapnia, which causes cerebral 
arterial vasoconstriction. The final types of reflex-medi- 
ated syncope are those that occur at the time of, or 
immediately following, micturition or defecation. 


CENTRAL NERVOUS SYSTEM CAUSES 
OF SYNCOPE 


Neurologic etiologies are rarely proved as the cause 
of syncope in animals. It is often difficult to differenti- 
ate seizures from syncope. The central nervous system 
modulates both excitatory and inhibitory influences 


on autonomic discharge and can directly or indirectly 
influence blood pressure, arterial tone, and cardiac 
rate and rhythm. The relationship between the brain 
and the heart is important to consider in animals with 
severe or multiple seizures, those with brain trauma, 
and those with intracranial bleeding disorders. In these 
cases seizures, syncope, or both may occur. Several 
studies have documented the association between car- 
diac arrhythmias and neurologic disorders.'® '” Electro- 
cardiographic changes in humans with neurologic 
disease may include prolongation of the QT interval, 
ST-segment depression, and non-specific T wave 
changes. Bradyarrhythmias and tachyarrhythmias 
have also been recognized in these cases, and postmor- 
tem examinations have demonstrated myocardial dam- 
age. Seizures may occur in association with cardiac 
arrhythmias in either a cause or effect relationship. In 
the latter, seizures may result from poor central ner- 
vous system perfusion following frequent or prolonged 
syncopal episodes. Syncope caused by diminished cere- 
bral blood flow secondary to intracerebral vascular 
disorders is uncommon in veterinary medicine. 


TUSSIVE SYNCOPE (“COUGH DROP” 
SYNCOPE) 


Tussive, or “cough drop,” syncope is one of the 
most common causes of syncope in dogs. It typically 
occurs in small breeds and is associated with collapsing 
trachea, chronic obstructive pulmonary disease, 
brachycephalic syndrome, and chronic acquired valve 
disease (endocardiosis). 

Syncope most commonly occurs during or immedi- 
ately after coughing. In some cases owners will describe 
a different precipitating activity, such as gagging, an 
attempt to vomit or retching, a hard or forceful swal- 
low, Or an acute episode of excitement coupled with 
heightened respiratory activity. Multiple episodes of 
syncope are common, 

Several mechanisms have been proposed to explain 
syncope associated with coughing. Cerebral blood flow 
may be decreased as a result of increased intracranial 
pressure during paroxysms of coughing. Paroxysmal 
coughing may increase intrathoracic pressure, which 
results in diminished cardiac venous return and atten- 
dant decreases in cardiac output. Reflex cardiac slow- 
ing and/or peripheral vasodilation (similar to neuro- 
cardiogenic syncope) may be triggered by coughing 
and lead to collapse. Alternatively, cardiac tachyar- 
rhythmias may be precipitated by coughing and con- 
tribute to collapse. 

Management includes therapies directed at the un- 
derlying respiratory and cardiac diseases, including 
antitussive medications (hydrocodone, 0.22 mg/kg bid 
to tid; butorphanol, 0.5-1 mg/kg bid to qid) and 
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bronchodilators (aminophylline, 10 mg/kg tid; the- 
ophylline sustained-release, 20 mg/kg od to bid). Res- 
piratory disease may be better defined and specifically 
treated following bronchoscopy with tracheal cytology 
and culture. Management of heart disease will help 
alleviate coughing resulting from heart failure. How- 
ever, coughing resulting from compression of main 
airways by an enlarged left atrium may persist regard- 
less of therapy. The outcome is usually related to the 
prognosis for the underlying disorder, as few dogs die 
as a result of tussive syncope. Recurrent syncopal 
events are common, especially with cardiac decompen- 
sation. 


DRUG-RELATED SYNCOPE 


Many drugs can cause or contribute to syncope. 
Calcium channel blockers and B-adrenergic blockers, 
particularly at toxic doses or in combination therapy, 
can cause a precipitous drop in heart rate and/or 
cause AV block. Other drugs such as vasodilators, ni- 
trates, B-adrenergic blockers, or calcium channel 
blockers, which affect vascular tone, can cause hypo- 
tension, weakness and syncope. Diuretics can contrib- 
ute, owing to potential blood volume contraction and 
electrolyte depletion. 

It is often difficult to determine whether syncope 
results from drug administration or from cardiac dis- 
ease and arrhythmia. If drug toxicity is suspected, one 
must reaffirm the correct dose, determine whether 
client compliance is accurate, assess for systemic or 
metabolic causes that could alter drug elimination, 
and assay for serum drug concentrations when possible 
(e.g., digitalis glycosides). In pets receiving polyphar- 
macy, the diuretic dose is typically reduced, assuming 
other steps have been evaluated. Alterations in the 
types or doses of other medications is attempted if this 
step fails. 


UNKNOWN CAUSES OF SYNCOPE 


No definitive etiology can be established in a large 
number of syncopal animals. In many, the rate of 
recurrence is low. There seems to be a low incidence of 
sudden death in human patients who were extensively 
studied and who have no identifiable cause of syn- 
cope,® ® although no similar studies have been re- 
ported in animals. 
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Knowledge of cardiovascular disease prevalence aids in developing differ- 
ential diagnoses and constitutes an important aspect of cardiovascular epide- 
miology.! Disease occurrence, frequency, and breed predilections may 
change over time, as is evident in trends reported in 1992' and 1968.* This 
chapter adds epidemiologic insights to congenital and acquired heart dis- 
ease. Additional information is contained in chapters covering specific dis- 
eases. 


CARDIOVASCULAR DISEASE PREVALENCE 


CANINE 


Types and prevalence of canine heart disease were first characterized 30 
years ago in a survey of 5000 dogs presented to the Veterinary Hospital of 
the University of Pennsylvania.* Eleven percent had reliable signs of heart 
disease, and another 9 percent had possible heart disease. Since the inci- 
dence of heartworm disease is low in this region, the frequency of heart 
disease could actually be greater in endemic heartworm regions. A similar 
prevalence study of 4325 dogs recently conducted at the Animal Medical 
Center in New York City disclosed cardiovascular disease in 483 dogs (11%) 
(Fox PR, Pipers F, unpublished data). In 1988, heart disease was reported in 
11 percent of 7148 dogs surveyed in Italy.’ 

To determine whether disease epidemiology has changed in dogs in the 
Philadelphia area, the types and relative frequency of heart disease were 
surveyed from 1990 to 1993 in 300 dogs that had reliable clinical signs of 
heart disease (Table 23-1). The most common types of acquired heart 
diseases are chronic acquired atrioventricular valvular disease, cardiomyopa- 
thy, and pericardial effusion secondary to neoplasia. 

In comparison with data reported in 1968,? some notable differences were 
recorded in the relative disease frequency and breed. This may be due in 
part to changes in breed popularity, as well as increased disease incidence 
in certain breeds, and improved diagnostic methods. Differences also reflect 
a greater proportion of referred patients with congenital heart disease, as 
well as animals with acute heart failure presented to our busy emergency 
service. The types and relative frequency of arrhythmias in these dogs are 
listed in Table 23-2. It is interesting that cardiovascular disorders tabulated 
from 813 dogs examined at a cardiology clinic in Milan, Italy,” are relatively 
similar in type and frequency to those recorded in Table 23-1. 
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TABLE 23-1 
Cardiac Diseases in 300 Dogs* 


Diagnosis 


Chronic valvular disease (33 also had arrhythmias) 120 40.0 
Primary arrhythmia (shortening fraction > 25%) 50 16.7 
Congenital heart disease (4 also had arrhythmias) 49 16.4 
Dilated cardiomyopathy (24 also had arrhythmias) 34 11.3 


Pericardial effusion (12 had visible mass; 5 had 21 7.0 
arrhythmias) 
Neoplasm without pericardial effusion (6 had 9 3.0 
arrhythmias) 
Heartworms 7 2.3 
Other (3 had arrhythmias) _10 3.3 
TOTAL 300 100.0 
Congestive heart failure 106 35.3 


*All dogs with reliable signs of heart disease and owner’s last name begin- 
ning with A-F. From the 1990-1993 files of The Veterinary Hospital, University 
of Pennsylvania, Cardiology Section. Approximately 1-year case load, exclud- 
ing all cats, normal dogs, and dogs with signs of possible heart disease. 


FELINE 


The overall frequency of feline cardiovascular dis- 
ease assessed by clinical evaluation has not been sur- 
veyed as thoroughly as that of dogs. In one prospective 
study of 388 cats in 1963, 15 (4%) had grade one to 
three (out of five) systolic heart murmurs, and 8 (2%) 
had triple heart sounds.® More recently, heart diseases 
were diagnosed in “nearly equal” numbers of dogs 
and cats at the Angell Memorial Animal Hospital.’ 
The types and relative frequencies of cardiopulmonary 
diseases in 500 cats examined clinically at that institu- 
tion in 1987 to 1989 are shown in Table 23-3.° Hyper- 
trophic cardiomyopathy, either idiopathic or second- 
ary to hyperthyroidism, was the most common cardiac 
disorder. The annual percentage of cats diagnosed 
by echocardiography with pathologic left ventricular 
hypertrophy at The Animal Medical Center in New 


TABLE 23-2 
Arrhythmias Recorded in 125 of 300 Dogs with Heart 
Disease* 


Number of Times 


Arrhythmia Type Recorded 
Ventricular premature beats 54 
Atrial fibrillation 28 
Atrial premature beats 24 
Paroxysmal ventricular tachycardia 12 
Supraventricular tachycardia 10 
Sick sinus syndrome 5 
2° AV block 5 
3° AV block 4 
Right bundle branch block 3 
Left bundle branch block 2 
Silent atrium 1 
Atrial flutter l 
TOTAL. 149 


*All dogs with reliable signs of heart disease and owner’s last name begin- 
ning with A-F in The Veterinary Hospital, University of Pennsylvania, Cardiol- 
ogy Section files from 1990 to 1993. 


TABLE 23-3 

Frequency of Cardiopulmonary Disease in 500 Cats* 
Diagnosis Number % 
Hypertrophic cardiomyopathy 118 22.5 
Intermediate cardiomyopathy 81 15.5 
Mitral insufficiency, unknown cause 75 14.3 
Dilated cardiomyopathy 65 12.4 
Hyperthyroidism 51 9.8 
Congenital heart disease 34 6.5 
Myocardial disease, other 22 4.2 
Pleural effusion, noncardiac 20 3.8 
Systemic thromboembolism 18 3.4 
Primary pulmonary disease 11 2.1 
Pericardial disease 11 2.1 
Systemic hypertension 6 1.1 
No diagnosis 12 2.3 

TOTAL 524 100.0 

Congestive heart failure 103 20.6 


*Angell Memorial Animal Hospital, 1985 to 1989. 

Adapted from Harpster NK. Feline arrhythmias: Diagnosis and manage- 
ment. /n Kirk RW, Bonagura JD (eds): Current Veterinary Therapy XI. Phila- 
delphia, WB Saunders, 1992, p 732. 


York has ranged from 26 to 64 percent (Fox PR, un- 
published data, 1998) (chapter 28). 

Necropsy studies often report a higher frequency of 
feline heart disease, especially if histologic studies are 
performed. For example, histopathologic examination 
of the myocardium in 50 apparently healthy cats in 
Israel revealed lesions in 35 (70%).° The largest re- 
ported series, 4933 cats necropsied at The Animal 
Medical Center between 1962 and 1976, disclosed ac- 
quired cardiac lesions in 421 (8.5%) cats and congeni- 
tal anomalies in 96 (1.9%).!" 


CONGENITAL HEART DISEASE 


CANINE 


The reported prevalence of canine congenital heart 
disease (CHD) from several veterinary schools was 0.46 
to 0.85 percent.! The types and relative frequency of 
congenital cardiac anomalies in 1000 dogs with CHD 
are listed in Table 23-4. In a recent survey of 4325 
dogs, CHD was detected in 0.5 percent (Fox PR, Pipers 
F, unpublished data). Additional data are presented in 
chapter 24. 

The prevalence of CHD is undoubtedly greater than 
published percentages because some anomalies do not 
cause murmurs, and some severe cases result in perina- 
tal death without necropsies. In a recent survey of 
1679 purebred pet store puppies, cardiac murmurs 
were detected in 11 (0.65%).'' In another report, con- 
genital cardiovascular anomalies were found in 5 of 25 
stillborn and neonatal puppies in a closed colony of 


TABLE 23-4 
Comparative Frequencies of Congenital Heart 
Defects in 1000 Dogs* 


Defect % of Dogs 
Patent ductus arteriosus 27.7 
Aortic stenosis 25.5 
Pulmonic stenosis 20.8 
Ventricular septal defect 9.8 
Tricuspid dysplasia 5.1 
Tetralogy of Fallot 3.9 
Persistent right aortic arch 3.1 
Mitral dysplasia 1.7 
Atrial septal defect 1.3 
Peritoneopericardial diaphragmatic hernia 0.5 
Other defects 0.6 
TOTAL 100.0 


*1044 abnormalities in 1000 dogs at seven veterinary schools, 1986 to 1990. 


beagle dogs. Thus, it is probable that the true inci- 
dence of CHD is at least 1 percent of all dogs born. 

The frequency of CHD in purebred dogs is greater 
than in mongrel dogs. This supports the view that 
genetic factors are important in the etiology of CHD." 
A single gene defect was recently determined to be 
the cause of conotruncal abnormalities in keeshond 
dogs." 

The prevalence of congenital abnormalities differs 
between breeds and countries and often within regions 
of a given country. This indicates the importance of 
regional gene pools in the etiology of CHD. Thus, the 
reader should keep an open mind when interpreting 
data that may reflect the “prevalence” of certain dis- 
eases. 

In a recent tabulation of the distribution of CHD in 
1320 dogs in the national Veterinary Medical Data 
Base, there was concern about the accuracy of some 
diagnoses.' In many instances, diagnoses were entered 
by medical record clerks for patients that were not 
examined by cardiologists. Also, the breed-specific 
prevalence rates were based upon the breed distribu- 
tion of dogs of all ages. This fails to account for shifts 
in breed popularities in young versus old dogs that 
have been noted in previous studies.!® 


Comparative Frequencies of Canine Congenital 
Heart Diseases 


To assess current trends in breed and disease inci- 
dence, a recent study examined the types and relative 
frequency of diagnoses in 1000 dogs (1986 to 1990) 
with congenital heart disease as recorded by veterinary 
cardiologists* (see Table 23-4). Reference breed popu- 
lation data for the same period were obtained from 


*Pennsylvania: J. Buchanan, D. Knight; Michigan State: G. Eyster, 
C. Gabor, B. Olivier, L. Anderson, M. Probst; Cornell: S. Moise; 
Tennessee: R. Gompf; Iowa: W. Ware; Tufts: J. Rush; North Carolina: B. 
Keene, C. Atkins. 
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the individual institutions or the Veterinary Medical 
Data Base at Purdue University; breed-specific odds 
ratios for each abnormality were calculated from the 
breed distribution of all dogs less than 3 years old 
presented to the seven participating institutions. The 
reference population age was limited to dogs under 3 
years old, which represented 90 percent of the 1000 
dogs. Results are summarized in Table 23-5, and data 
for individual abnormalities and affected breeds (Ta- 
bles 23-6 to 23-10) are discussed next. 


PATENT DUCTUS ARTERIOSUS 


Patent ductus arteriosus (PDA) was the most com- 
mon congenital anomaly (Table 23-4). Fifty-five differ- 


TABLE 23-5 
Breed Predilections in 1000 Dogs with Congenital 
Heart Disease* 


Relative 

Breed Lesion Risk 
Akita Ventricular septal defect (VSD) 2 
Basset hound VSD 3 
Bichon frise Patent ductus arteriosus (PDA) 3 
Bloodhound Aortic stenosis (AS) 3 
Boxer Atrial septal defect (ASD) 3 
AS 3 
Chihuahua PS 2 
Cocker spaniel PDA 1 
English bulldog PS 3 
VSD 3 
English springer spaniel PDA 2 
VSD 3 
German shepherd AS 2 
Tricuspid dysplasia (TD) 2 
Persistent R aortic arch (PRAA) 2 
Golden retriever AS 3 
Great Pyrenees TD 3 
Keeshond PDA 3 
Labrador retriever TD 3 
Lakeland terrier VSD 3 
Maltese PDA 3 
Miniature schnauzer PS 2 
PDA 1 
Newfoundland AS 3 
Pomeranian PDA 2 
Poodles—toy & miniature PDA 3 
Rottweiler AS 3 
Samoyed PS 1 
Scottish terrier PS 3 
Shetland sheepdog PDA 2 
Shih tzu VSD 2 
West Highland white VSD 3 
terrier Tetralogy of Fallot 3 
PS 2 
Wirehaired fox terrier PS 3 
Yorkshire terrier PDA 2 


*1044 abnormalities in 1000 dogs with CHD at seven veterinary schools 
from 1986 to 1990. The reference population was 32,697 dogs less than 3 
years old from the same schools. 

Numbers 1, 2, and 3 identify predisposed breeds repesented by three or 
more affected dogs in whìch relative risk for the indicated abnormality was 
significantly elevated in this series (P < .05 to P < .0001). 

1, mild increased risk (odds ratio 1.5-2.9 times other dogs). 
2, moderate risk (odds ratio 3-4.9 times others). 
3, marked risk (odds ratio > 5 times others). 
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TABLE 23-6 
Patent Ductus Arteriosus—Estimated Relative Risks (Odds Ratios) by Breed (n = 289)* 

Breeds =4 Cases No. Odds Ratio 95% Confidence Limits P 
Maltese 12 12.4 6.4-23.4 <.0001 
Toy poodle 22 6.7 4.2-10.7 <.0001 
Miniature poodle 16 5.9 3.4-10.1 <.0001 
Keeshond 5 5.9 2.1-15.2 002 
Bichon frise 6 5.5 2.2-13.1 001 
Pomeranian 9 4.6 2.2-9.4 <.001 
Yorkshire terrier 14 4.2 2.3-7.4 <.0001 
English springer spaniel 19 4.0 2.4-6.6 <.0001 
Shetland sheepdog 17 3.9 2.3-6.5 <.0001 
Cocker spaniel 25 2.6 1.7-4.0 <.0001 
Chihuahua 4 2.8 0.9-7.8 062 
Dachshund 5 2.5 0.9-6.3 O57 
Miniature schnauzer 7 2.2 0.9-4.8 .050 
Australian sheepdog 4 2.0 0.6-5.6 ns 
German shepherd 23 1.2 0.6-1.8 ns 
Collie 5 6 0.2-1.6 ns 
Mixed breed 38 5 0.4-0.7 0001 
Golden retriever 7 2 0.1-0.6 001 
Labrador retriever 5 2 0.1-0.5 0002 


*Seven veterinary schools, 1000 dogs, 1986 to 1990. 
ns, not sigificant. 


ent breeds represented 289 (27.7%) affected dogs 
from the 1000 surveyed. Breed predisposition was 
greatest in Maltese dogs, with an estimated risk:odds 
ratio of 12.4 (Table 23-6). Toy and miniature poodles 
still show predisposition for the disorder as was noted 
30 years ago, but other breeds are also now commonly 
affected. Although a substantial number of German 
shepherds and collies had PDA, their odds ratios were 
not greater than would be expected by chance because 
of the large number of those breeds in the reference 
populations. Females outnumbered males by 3:1. 

Cavalier King Charles spaniels have increased risk 
for PDA; two cases were diagnosed in the 1000-dog 
series yielding an odds ratio (OR) of 5.9 (95% confi- 
dence limits [CL], 1.7 to 25.1; P = .049). In Edin- 
burgh, Scotland, 6 of 32 dogs with PDA (19%) were 
cavaliers, whereas the breed makes up only 1.9 percent 
of the clinic population (Darke PGG, personal commu- 
nication), 

Right-to-left shunting PDA (16 dogs) was recognized 
most frequently in this population of 1000 dogs in 
cocker spaniels (5, all females). Other breeds with 
more than one right-to-left shunting PDA were English 
springer spaniels (two) and Shetland sheepdogs (two), 
with one male and one female each. A recent report 
of hereditary PDA in 13 of 62 Pembroke Welsh corgis 
sired by a male with a small PDA included two with 
right-to-left PDA.’° PDA also was diagnosed in six of 
seven corgis with congenital heart disease, as well as in 
five related border collies in Australia.'” 1° 


AORTIC STENOSIS 


Aortic stenosis is the most common congenital heart 
disorder observed at the Veterinary Teaching Hospital, 


University of Pennsylvania,' but it was second in fre- 
quency in the series of 1000 dogs (see Table 23-4; 
these data include all forms of left ventricular outflow 
tract obstruction). In confirmed cases, nearly all dogs 
with left ventricular outflow tract obstruction have fi- 
brous or fibromuscular subaortic stenosis (chapter 24). 
Newfoundland dogs are still at highest risk, but larger 
numbers of affected golden retrievers, rottweilers, and 
German shepherd dogs are detected at veterinary clin- 
ics in the United States (Table 23-7). Aortic stenosis 
was diagnosed in 29 of 31 Newfoundlands and 37 of 
39 rottweilers with CHD. There was no sex predilection 
except in boxers, in which 19 of 23 dogs (83%) with 
aortic stenosis were males. In Scotland, boxers repre- 
sent about half of the cases of subaortic stenosis.” 


PULMONIC STENOSIS 


Pulmonic stenosis (PS) is the third most frequent 
cause of canine congenital heart disease (see Table 


TABLE 23-7 
Aortic Stenosis—Estimated Relative Risks (Odds 
Ratios) by Breed (n = 266)* 


95% 
Odds Confidence 

Breeds = 4 Cases No. Ratio Limits P 
Newfoundland 29 19.9 13.4-30.4 < .0001 
Bloodhound 4 14.5 4.4-43.3 < .001 
Boxer 23 9.3 5.8-14.7 < .0001 
Golden retriever 79 6.8 5.2-9.0 < 0001 
Rottweiler 37 5.4 3.7-7.8 < .0001 
German shepherd 43 2.6 1.9-3.7 < .0001 
Mixed breed 11 0.1 0.4-0.7 < 0001 


*Seven veterinary schools, 1000 dogs, 1986 to 1990. 


23-4; this includes all forms of right ventricular out- 
flow tract obstruction in this series of 1000 dogs). In 
confirmed cases, dysplasia of the pulmonary valve is 
the most frequently observed defect in dogs, although 
obstruction to right ventricular outflow can develop in 
the infundibulum and subvalvular region, and above 
the pulmonic valve (chapter 24). 

The estimated risk of PS was greatest in English 
bulldogs, but several other breeds also had elevated 
odds ratios (Table 23-8). There was no sex predilec- 
tion except in English bulldogs, of which 18 of 25 dogs 
(72%) were male. The importance of coronary artery 
anomalies with pulmonic stenosis has been highlighted 
in several reports.*-? The majority of English bulldogs 
with PS recently evaluated at my institution have had 
an anomalous single coronary artery with an aberrant 
left main coronary artery arising from a large single 
right coronary artery, and encircling and constricting 
the base of the pulmonic valve.” Coronary angiogra- 
phy always should be performed in this breed as an 
adjunct to planning surgery. 

Valvular PS was reported in four male Boykin span- 
iels in Georgia,” and other cases have been seen in 
Virginia and Alabama.' Thickened, dysplastic valves are 
the cause of the stenosis. The Boykin spaniel is a 
common hunting dog breed in the Southeast but is not 
reflected significantly in national data. Southeastern 
institutions did not contribute data for the 1000-dog 
study reported in this chapter. A similar form of PS in 
beagles was shown to be hereditary,” but only two 
beagles had PS in the 1000-dog study, and the breed 
did not have elevated risk. Auscultation of 3586 young 
and adult beagles revealed 16 dogs with pulmonic 
stenosis (Moise NS, personal communication). 

Mastiffs had increased risk for PS in the United 
States during an early survey, with an odds ratio of 


TABLE 23-8 
Pulmonic Stenosis—Estimated Relative Risks (Odds 
Ratios) by Breed (n = 217)* 


95% 
Odds Confidence 

Breeds => 4 Cases No. Ratio Limits P 
English bulldog 24 12.9 8.1-20.2 < .0001 
Scottish terrier 7 12.6 5.3-28.5 < .0001 
Wirehaired fox terrier 5 10.5 3.7-27.3 < .001 
Miniature schnauzer ll 4.7 2.4-9.0 < ,0001 
West Highland white terrier 5 4.2 1.5-10.8 .008 
Chihuahua 4 3.7 1.2-10.4 .026 
Samoyed 6 2.7 1.1-6.4 .027 
Yorkshire terrier 5 1.9 0.7-4.8 ns 
Cocker spaniel 12 1.6 0.8-2.9 ns 
German shepherd 15 1.1 0.6-1.8 ns 
Collie 6 1.1 0.4-2.5 ns 
Golden retriever 7 0.5 0.2-1.1 ns 
Labrador retriever 7 0.4 0.2-0.8 .02 
Mixed breed 18 0.3 0.2-0.5 < .0001 


*Seven veterinary schools, 1000 dogs, 1986 to 1990. 
ns, not significant. 
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TABLE 23-9 
Ventricular Septal Defect—Estimated Relative Risks 
(Odds Ratios) by Breed (n = 102)* 


95% 
Odds Confidence 

Breeds = 3 Cases No. Ratio Limits P 
Lakeland terrier 3 998.7 97.0-1635 < .0001 
West Highland white terrier 7 13.4 5.6-30.4 < .0001 
English springer spaniel 9 5.4 2.6-11.2 < .0001 
Basset hound 4 5.3 1.6-15.0 .008 
English bulldog 5 5.0 1,.8-12.9 .004 
Akita 3 4.1 1.4-13.4 041 
Shih tzu 4 3.3 1.0-9.3 038 
Miniature poodle 3 2.9 1.0-9.7 ns 
Husky 4 2.5 0.8-7.0 ns 
Chow 3 2.4 0.8-7.8 ns 
Beagle 3 2.4 0.8-7.7 ns 
Labrador retriever 4 0.5 0.2-1.4 ns 
Mixed breed 11 0.4 0.2-0.8 005 


*Seven veterinary schools, 1000 dogs, 1986 to 1990. 
ns, not significant. 


11.6.' However, they are not a common breed in this 
area, and only one mastiff and two bullmastiffs with PS 
were detected in the 1000-dog series. Recently, six 
bullmastiffs with PS were confirmed over a 3-year pe- 
riod in Australia,” and 2 of 42 dogs with PS in the 
United Kingdom were bullmastiffs.* Thus, mastiff 
breeds have an increased risk for PS. 


VENTRICULAR SEPTAL DEFECT 


Ventricular septal defect (VSD) has been recognized 
in various breeds. English springer spaniels were most 
often seen in the 1000-dog series. Odds ratios were 
greater in West Highland white terriers and Lakeland 
terriers (Table 23-9). Three of four Lakelands with 
congenital heart disease had VSD. No sex predilection 
was observed. A report documenting the occurrence of 
ventricular septal defects in a group of closely related 
English springer spaniels indicated that the defect was 
heritable.?** The exact mode of inheritance was uncer- 
tain, but no sex predilection was identified. 


TRICUSPID VALVE DYSPLASIA 


Tricuspid dysplasia has increased in frequency in 
recent years, particularly in Labrador retrievers (see 
Table 23-5).' A series of 14 dogs with the abnormality 
20 years ago did not include any Labradors.” This 
lesion usually occurs as an isolated abnormality, but it 
sometimes accompanies pulmonic stenosis or mitral 
dysplasia. As an isolated abnormality, it is most com- 
mon now in Labrador retrievers (22 dogs: OR, 8.41; 


*United Kingdom survey of congenital heart disease in 339 dogs: 
1989 to 1993. Contributors: D. Clarke, M. Cobb, P.G.G. Darke, J.D. 
McEwan, M. Herrtage, S. Johnstone, C. Little, V. Luis-Fuentes, M. 
Oakley. Veterinary Cardiovascular Society Newsletter, 1994. 
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CL, 4.7 to 15.0; P < .0001) and German shepherds 
(10 dogs: OR, 3.1; CL, 1.5 to 6.5; P = .003). Four 
Great Pyrenees also were observed (OR, 43.6; CL, 12.9 
to 131.0; P < .0001). There was a male predominance, 
with males accounting for all 10 German shepherds, 3 
of 4 Great Pyrenees, and 14 of 22 Labrador retrievers. 
Overall, males represented 71 percent of 53 dogs with 
tricuspid dysplasia. Three dogs with Ebstein’s anomaly 
(one Labrador retriever, one Old English sheepdog, 
and one Irish wolfhound) were included under tricus- 
pid dysplasia. 


MITRAL VALVE DYSPLASIA 


Mitral dysplasia (malformation) with regurgitation 
was reported in 18 of 1000 dogs with congenital heart 
disease, including 3 German shepherds (OR, 2.7; CL, 
0.8 to 9.8; P = .125, all males). Other breeds repre- 
sented by two animals each were golden retriever and 
the Dalmatian. Previous reports suggested a predisposi- 
tion for congenital mitral insufficiency in Great Danes 
and German shepherds.?” °° However, reference popu- 
lation data were not given, preventing odds ratios from 
being determined. 

Recent studies indicate that bull terriers also are 
predisposed to congenital mitral valve disease. Signifi- 
cant breed abnormalities were not found in the 1000- 
dog series (see Table 23-5). However, the three dogs 
(8 to 10 years old) with mitral stenosis at the Veterinary 
Hospital, University of Pennsylvania, prior to 1985 
were bull terriers. At Ohio, 4 of 15 young dogs with 
mitral stenosis were bull terriers, and 5 were New- 
foundlands.*” Most of them also had mitral insuffi- 
ciency, and 8 of 15 had subaortic stenosis. Two other 
reported cases of mitral stenosis were bull terriers.*° In 
Australia, 11 young bull terriers with mitral insuffi- 
ciency were identified over a period of 10 years, but 
no mention was made of coexistent mitral stenosis.*! 
In the United Kingdom, 29 of 49 dogs with mitral 
dysplasia were bull terriers* (the large number of cases 
stemmed from specific screening of the breed for evi- 
dence of mitral dysplasia). 


TETRALOGY OF FALLOT 


Tetralogy of Fallot (TF) occurs in a variety of breeds, 
particularly those which also have increased risk for 
either PS or VSD. In the series of 1000 dogs, any dog 
with both PS and VSD was categorized as tetralogy of 
Fallot. Breed associations for the three lesions (PS, 
VSD, TF) are consistent with genetic studies in kees- 
hond dogs which showed that all three defects can be 


*United Kingdom survey of congenital heart disease in 339 dogs: 
1989 to 1993. Contributors: D. Clarke, M. Cobb, P.G.G. Darke, J.D. 
McEwan, M. Herrtage, S. Johnstone, C. Little, V. Luis-Fuentes, M. 
Oakley. Veterinary Cardiovascular Society Newsletter, 1994. 


variations of conotruncal abnormalities associated with 
a single gene defect in that breed.’ The 1000-dog 
series included 41 cases of tetralogy of Fallot with 
wirehaired fox terriers (two dogs: OR, 22.0; CL, 8.1 to 
95.4, P = .004) and West Highland white terriers 
(three dogs: OR, 14.1; CL, 5.7 to 48.0; P = .002) 
having greatest risk. Only one keeshond was identified. 


PERSISTENT RIGHT AORTIC ARCH 


Persistent right aortic arch (PRAA) and related vas- 
cular rings cause impaired swallowing in dogs. Many 
cases are diagnosed by radiologists and are treated 
surgically without examination by cardiologists, unless 
a coexistent abnormality is detected. For this reason, 
the 32 dogs with PRAA in 1000 dogs seen by cardiolo- 
gists (see Table 23-4) do not reflect the number of 
cases actually presented and treated at various institu- 
tions during the comparable time period. Three 
breeds with increased risk were German shepherd 
(eight dogs: OR, 4.5; CL, 1.9 to 10.5; P = .001), 
Brittany spaniel (two dogs: OR, 9.3; CL, 2.9 to 40.1; P 
= .022), and bulldog (two dogs: OR, 6.5; CL, 1.9 to 
27.8; P = .043). No Irish setters were reported. 


ATRIAL SEPTAL DEFECTS 


Atrial septal defects are uncommon in dogs. Three 
of the 14 cases represented from the 1000 dogs were 
boxers (OR, 25; CL, 10.8 to 98.1; P < .001), and two 
were Newfoundlands (OR, 24; CL, 8.6 to 113; P < 
.005). Other reports of a predilection for atrial septal 
defect in the Doberman pinscher and Samoyed breeds 
were not confirmed in the 1000-dog study (Table 
23-10). 


FELINE 


Whether congenital heart disease is more or less 
prevalent in cats compared with dogs is uncertain, 
although different anomalies predominate in cats. The 
frequency of congenital heart disease in cats was 0.2 
per 1000 feline admissions and 28 per 1000 necropsies 
at the Angell Memorial Animal Hospital during the 
period from 1957 to 1979. In dogs, similar clinical 
and necropsy frequencies were observed at that institu- 
tion. In contrast, the clinical frequency of CHD in 
dogs at the Veterinary Hospital, University of Pennsyl- 
vania, was much higher (5 per 1000 admissions or 10/ 
1000 if referred cases were included) in the specific 
cardiovascular epidemiologic study from 1958 to 1961." 

Combined data from 287 cats with CHD indicate 
that mitral and tricuspid valve malformations were the 
most common abnormality (17%), followed by VSD 
(15%), endocardial fibroelastosis (11%), PDA (11%), 
vascular anomalies (8%), aortic stenosis (6%), tetral- 


TABLE 23-10 
Additional Breed Predilections for Congenital Heart 
Disease (Confirmed or Suggested by Others) 


Breed Suggested Predilection 


Airdale terrier Pulmonic stenosis (PS) 


Beagle PS 
Boykin spaniel PS 
Bullmastiff PS 
Bull terrier Mitral dysplasia (MD) 


Chihuahua Patent ductus arteriosus (PDA) 
Cocker spaniel PS 
Collie PDA 


Doberman pinscher 
English bulldog 


Atrial septal defect (ASD) 
Tetralogy of Fallot (TF) 
Aortic stenosis (AS) 


German shepherd MD, PDA 

German shorthair pointer AS 

Golden retriever Tricuspid dysplasia (TD) 

Great Dane AS, PRAA, MD, TD 

Irish setter Persistent right aortic arch 
Keeshond TF 

Kerry blue terrier PDA 

Mastiff’ PS 

Samoyed AS, ASD 

Weimaraner TD, peritoneopericardial hernia 


Adapted from Buchanan JW. Causes and prevalence of cardiovascular dis- 
ease. In Kirk RW, Bonagura JD (eds): Current Veterinary Therapy XI. Philadel- 
phia, WB Saunders, 1992, p 647. 


ogy of Fallot (6%), atrial septal defect (4%), common 
atrioventricular canal (4%), and pulmonic stenosis 
(3%). Male predominance was reported for AV valve 
malformation (5:1), aortic stenosis (3:1), endocardial 
fibroelastosis (9:5), and tricuspid dysplasia (6:1).** 


ACQUIRED HEART DISEASE 


CHRONIC VALVULAR DISEASE 
(ENDOCARDIOSIS) 


Chronic valvular disease is the most common canine 
acquired disorder (see Table 23-1) and results from 
myxomatous valvular degeneration (chapter 25). Mi- 
tral regurgitation occurs in more than one third of 
dogs over 10 years of age.” In a recent survey of 4325 
dogs at the Animal Medical Center in New York City, 9 
percent were affected (Fox PR, Pipers FS, unpublished 
data). It is more prevalent in small breeds, with a 
slightly (but significantly) greater frequency and sever- 
ity in males. Breed predisposition includes the toy and 
miniature poodle, miniature schnauzer, Pomeranian, 
Chihuahua, cocker spaniel, Pekingese, fox terrier, and 
Boston terrier breeds in the United States,!> and in 
male miniature pinschers, whippets and cavalier King 
Charles spaniels in Great Britain.” In a recent survey 
at the Veterinary Hospital, University of Pennsylvania, 
small canine breeds still predominated, and no large- 
breed dogs had an increased risk (Table 23-11). The 
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exceptionally high occurrence of this disease in cava- 
lier King Charles spaniels was confirmed in screening 
clinics in Great Britain,” Sweden,” and the United 
States,” but investigators in Australia did not find evi- 
dence of an increased prevalence in the breed.” Aus- 
cultation of 394 cavaliers in the United States revealed 
systolic murmurs of mitral regurgitation in 56 percent 
of dogs over 4 years of age, and in 100 percent of 
those 10 years old or older.’ 

Limited necropsy studies indicate that chordal 
lengthening or rupture with or without significant 
valve thickening are common features. Mitral prolapse 
and left atrial rupture also have been found. Left atrial 
rupture as a complication of chronic acquired valvular 
disease also occurs in miniature poodles, cocker span- 
iels, and dachshunds, with predominance in males.** 

Clinically significant acquired mitral valve disease is 
uncommon in cats (Fox PR, personal communication). 
One review of necropsies reported mitral valve disease 
in 11 of 202 cats (5%), whereas a frequency of 40 
percent was observed in 500 dogs in the same labora- 
tory.” “Mitral insufficiency of unknown cause” was 
reported in 75 (15%) of 500 cats,’ although no details 
were provided as to whether diagnosis was confirmed 
by Doppler echocardiography or just based upon aus- 
cultation. Flow murmurs and aortic outflow turbulence 
occur in cats and can be misdiagnosed as mitral regur- 
gitation. 


HEMATOCYSTS 


Blood cysts (hematocysts) in atrioventricular valves, 
particularly the tricuspid valve, are occasional necropsy 
findings in young dogs but rarely have any clinical 


TABLE 23-11 
Chronic Valvular Disease (n = 120): Estimated 
Relative Risks (Odds Ratios) by Breed* 


95% 
Odds Confidence 
Breeds = 3 Cases No. Ratio Limits P 
Cavalier King Charles spaniel 4 20.1 5.5-67 0001 
Chihuahua 6 5.5 2.1-13.3 001 
Miniature schnauzer 7 4.4 1.8-10.1 .002 
Maltese 3 4.2 1.4-14.1 041 
Pekingese 3 4.1 1.4-13.8 043 
Toy poodle 5 3.1 1.1-8.1 028 
Shih tzu 5 3.0 1.1-7.8 031 
Miniature poodle 8 2.8 1.2-6.0 O12 
Yorkshire terrier 5 2.6 0.9-6.8 .051 
Lhasa apso 4 2.4 0.7-6.8 ns 
Cocker spaniel 7 2.0 0.9-4.6 ns 
Mixed breed 36 1.2 0.8-1.7 ns 
Doberman pinscher 3 0.8 0.3-2.6 ns 


*120 dogs with chronic valvular disease out of 300 dogs with reliable signs 
of heart disease and owner’s last name A-F in The Veterinary Hospital, Univer- 
sity of Pennsylvania, Cardiology Section files from 1990 to 1993. 

ns, not significant. 
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significance. A survey of 255 beagle dogs 5 to 24 
months old detected blood cysts in the septal leaflet of 
the tricuspid valve in 11 cases (3.9%).*! Serial section 
histology and immunohistochemistry showed that the 
blood cysts came from vessels in the valves and did not 
communicate directly with the cardiac chambers. In 
late stages, the cysts often were surrounded by fibrous 
tissue, and metaplastic bone was sometimes present 
within the lesions. 


BACTERIAL ENDOCARDITIS 


Bacterial endocarditis is uncommon (chapter 26). It 
was diagnosed in 3 of 300 dogs (1%) with reliable 
signs of heart disease in our clinic (see Table 23-1); 
10 of 345 dogs (3.0%) at another institution had echo- 
cardiographic signs of endocarditis.” A recent review 
of the Veterinary Medical Data Base from January 1984 
through May 1994 indicated that endocarditis was diag- 
nosed in 0.04 to 0.13 percent of dogs and in 0.006 to 
0.024 percent of cats presented for veterinary ser- 
vices.** This same report also indicated that the preva- 
lence of endocarditis in dogs increases with age. In the 
absence of an echogenic thrombus or aortic regurgita- 
tion, a clinical diagnosis of endocarditis is difficult to 
confirm, and most epidemiologic data are based on 
necropsy studies. 

The overall reported necropsy prevalence varies 
from 0.06 to 6 percent and depends upon the dili- 
gence and interest of the investigator. The mitral and 
aortic valves are most often affected, and the most 
common organisms isolated are Staphylococcus aureus, 
streptococci, and Escherichia coli. Endocarditis is often 
associated with infection elsewhere in the body. Pros- 
tate infections were the most frequent coexisting infec- 
tion in 40 dogs with endocarditis in one study.** Infec- 
tive and noninfective arthritis were found in 12 dogs 
with endocarditis in another series.* All ten dogs in 
a recent report were large breeds.‘ Five strains of 
Erysipelothrix tonsillarum were isolated from dogs with 
endocarditis in Belgium.” 


MYOCARDIAL DISEASES 
(CARDIOMYOPATHIES) 


Cardiomyopathy denotes structural or functional de- 
rangement of the heart muscle (myocardial disease) 
that is not attributable to valvular, vascular, or congeni- 
tal disorders. A wide variety of primary and secondary 
causes have been described (chapters 27, 28). 

There is increased recognition of myocardial disease 
over the last 2 decades. This is due to improved diag- 
nostic capability associated with echocardiography, as 
well as an increased frequency of cardiomyopathy in 


certain breeds such as Doberman pinscher and boxer 
dogs. 

The prevalence of myocardial disease varies with 
geographic factors (e.g., Chagas’ disease in southern 
border states), the nature of the study (clinical or 
pathologic), and type of diagnostic criteria selected. 
Necropsy studies consistently reveal a higher preva- 
lence of myocardial disease than do clinical investiga- 
tions. The types and pathology of most myocardial 
diseases in all species of animals have been thoroughly 
reviewed by Van Vleet and Ferrans.* 


CANINE CARDIOMYOPATHIES 


From 1958 to 1960, the prevalence of myocardial 
disease (based mainly on the detection of arrhythmias) 
in 5000 dogs was 0.45 percent. In a 1988 study of 7148 
dogs, dilated cardiomyopathy (DCM) was diagnosed in 
1.1 percent.* A tabulation of 300 dogs with arrhythmia 
or echocardiographic left ventricular shortening frac- 
tions of less than 25 percent disclosed that 45 percent 
had probable myocardial disease (see Tables 23-1 and 
23-2). A review of the Purdue Veterinary Medical Data 
Base (January 1986 through December 1991) indi- 
cated that DCM was diagnosed in approximately 0.5 
percent of the dogs presented for veterinary services 
(1681 of 342,152 dogs); DCM was detected in 0.5 
percent of 4325 dogs recently surveyed in New York 
City (Fox PR, Pipers F, unpublished data). 

Large breeds of dogs, especially males, are predis- 
posed to dilated (congestive) cardiomyopathy. A partic- 
ular:susceptibility has been recognized in Doberman 
pinscher dogs. Of 68 dogs with DCM reported from 
the University of Georgia in 1986, 39 (57%) were 
Dobermans.” In the recent sample of 300 dogs with 
reliable signs of heart disease in our clinic (Table 
23-1), DCM was diagnosed in 34 dogs, of which 17 
(50%) were Dobermans (OR, 33.7; CL, 16.2 to 70.4; P 
< .0001). Males predominated in Dobermans as well 
as in the other breeds represented (82%). 

According to a review of the Veterinary Medical Data 
Base (January 1986 through December 1991), the 
prevalence rate of DCM in mixed-breed dogs was ap- 
proximately 0.16 percent compared with 0.65 percent 
in purebred dogs. The prevalence rate of DCM was 
highest in Doberman pinschers (5.8%), Irish wolf- 
hounds (5.6%), Great Danes (3.9%), boxer dogs 
(3.4%), Saint Bernards (2.6%), Afghan hounds 
(1.7%), Newfoundlands (1.3%), and Old English 
sheepdogs (0.9%). By comparison, the prevalence of 
DCM was 0.69 percent in English cocker spaniels and 
0.34 percent in American cocker spaniels. The preva- 
lence of DCM increased with age, and males were 
affected nearly twice as often as females. 

Other breed-associated cardiomyopathies include ar- 
rhythmogenic cardiomyopathy in boxer dogs,*' DCM 
in Old English sheepdogs®? and Newfoundland dogs 


in Sweden,” familial cardiomyopathy in English cocker 
spaniels,” and Duchenne’s X-linked muscular dystro- 
phy cardiomyopathy in male golden retriever dogs.” 
Hypertrophic cardiomyopathy is quite rare in dogs, 
but a hereditary form has been reported in pointer 
dogs.** 57 

Cardiomyopathy may result from other factors. This 
has been shown to result from certain types of chemo- 
therapy, particularly doxorubicin administration. Five 
to 15 percent of dogs treated with this drug developed 
congestive heart failure, and cardiotoxicosis is the ma- 
jor dose-limiting factor for extended chemotherapy for 
neoplasia.™ ™ 


MYOCARDITIS. The frequency of parvovirus myocardi- 
tis has diminished greatly since the advent of vaccina- 
tion programs, and no cases have been recognized in 
our clinic in recent years. A retrospective histopatho- 
logic study utilizing in situ hybridization technology 
revealed evidence of parvovirus-specific nucleic acid in 
the myocardium of some puppies without intranuclear 
inclusion bodies, but there was no evidence of infec- 
tion after 1979 in Zurich, Switzerland.” 

Occasional dogs with arrhythmias are seropositive 
for Borrelia burgdorferi. However, the significance of 
titers in our region is uncertain, and it is difficult 
to substantiate a clinical diagnosis of Lyme disease 
myocarditis.*" ° Chagas’ myocarditis due to Trypano- 
soma cruzi still appears to be limited to occasional dogs 
in southern border states.” 


FELINE CARDIOMYOPATHIES 


Diagnosis of feline cardiomyopathies has been 
greatly facilitated by echocardiography. Hypertrophic 
cardiomyopathy (HCM) is currently the most frequent 
type of feline myocardial disease. It may be primary” 
or secondary.” Based upon echocardiography logs, 
pathologic left ventricular hypertrophy was recorded 
in 26 to 64 percent of cats evaluated at the Animal 
Medical Center from 1985 to 1998 (chapter 28; Fox 
PR, personal communication). 

In a retrospective review of 1472 feline necropsies 
from 1986 to 1992 at the Veterinary Hospital, Univer- 
sity of Pennsylvania, dilated cardiomyopathy was diag- 
nosed in 33 cats (2.2%); hypertrophic cardiomyopathy 
in 34 (2.3%); restrictive cardiomyopathy in 25 (1.7%); 
and endomyocarditis in 37 (2.5%).° All cases of di- 
lated cardiomyopathy occurred prior to 1991, and hy- 
pertrophic cardiomyopathy is now the most frequently 
recognized form at necropsy. 

Some types of restrictive cardiomyopathy may repre- 
sent a late stage of endomyocarditis.% © Endomyocar- 
ditis occurred primarily in young cats (mean age, 3.4 
years); frequently followed a stressful event such as 
neutering, declawing, or vaccination; and was often 
accompanied by interstitial pneumonia.” The term 


PREVALENCE OF CARDIOVASCULAR DISORDERS 465 


“Intermediate” cardiomyopathy used by some investi- 
gators lacks definition, and associated reports are dif 
ficult to evaluate. 

The prevalence of feline dilated cardiomyopathy 
(DCM) has declined profoundly since taurine defi- 
ciency was recognized as a major etiologic factor and 
following commercial diets supplemented with tau- 
rine. Occasional cats with DCM have normal taurine 
levels, and it is apparent that other etiologies remain 
to be identified.” Differences in the frequency of 
DCM in separate colonies of inbred cats suggest that 
quantitative genetic factors may influence susceptibility 
to the disease.” 


ENDOMYOCARDITIS AND ENDOMYOCARDIAL FIBROSIS. 
These entities occur more commonly in cats than in 
dogs. In cats, they may result in restrictive cardiomyop- 
athy when the subendocardial myocardium is signifi- 
cantly involved or if large endocardial scar formation 
develops. Additional information is presented later un- 
der feline cardiomyopathy (chapter 28). 


EXCESSIVE LEFT VENTRICULAR MODERATOR BANDS (FALSE 
TENDONS). In cats, excessive numbers and configura- 
tions of left ventricular moderator bands (false ten- 
dons) have been reported in association with feline 
myocardial diseases.” Their significance remains un- 
certain and they are a frequent necropsy finding. 


ENDOCARDIAL FIBROELASTOSIS 


Endocardial thickening with mild fibrosis and in- 
creased elastic fibers may occur in response to chronic 
dilatation and diastolic pressure overload. The degree 
of secondary thickening in this circumstance is not 
clinically significant, and signs are related to the under- 
lying valvular or myocardial disorder. More severe pri- 
mary endocardial fibroelastosis with clinical signs indis- 
tinguishable from those of dilated cardiomyopathy was 
reported in four young dogs of different breeds.” Al- 
though the etiology was unknown, the age suggests a 
congenital abnormality. In a hereditary form of fibro- 
elastosis in Burmese cats, the endocardium progressed 
from normal histology at birth to symptomatic fibro- 
elastosis by 2 months of age.” 


BREED-ASSOCIATED 
ARRHYTHMIAS 


A variety of ventricular or atrial arrhythmias may 
occur in most forms of advanced heart disease. In 
addition, some breeds are known to develop specific 
arrhythmias more than others. 
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SICK SINUS SYNDROME. The most characteristic exam- 
ple is syncope due to sick sinus syndrome, which most 
commonly occurs in female miniature schnauzers.”° A 
recent analysis of 318 affected dogs showed an odds 
ratio of 6.9 in miniature schnauzers. At the Veterinary 
Hospital, University of Pennsylvania, 10 of 15 dogs 
were miniature schnauzers (OR, 126). Additional 
breed predispositions were also noted in Pomeranians 
(OR, 3.5), boxers (OR, 2.6) and cocker spaniels (OR, 
1.7).! Sex differences were significant only in miniature 
schnauzers, in which the female-to-male ratio was 3:1. 


VENTRICULAR ECTOPY. Ventricular extrasystoles with 
paroxysmal ventricular tachycardia, flutter, and fibril- 
lation were recognized as a familial arrhythmia causing 
sudden death in a family of German shepherds in 
New York.” Further studies identified four families of 
affected German shepherd dogs, all of which were 
related to a common ancestor.” Additional cases have 
been identified in other states and in Great Britain, 
indicating widespread distribution of the genetic pre- 
disposition for sudden arrhythmic death in this breed 
(Moise NS, personal communication). Ventricular ec- 
topy is also the predominant arrhythmia seen in boxer 
cardiomyopathy.” 


OTHER BREED-ASSOCIATED ARRHYTHMIAS. These include 
AV conduction block in pugs with hereditary stenosis 
of the bundle of His,” and sudden death in Doberman 
pinschers.” Persistent atrial standstill characterized by 
absence of atrial muscle and associated P waves in 
young dogs is rare but occurs predominantly in English 
springer spaniels. This breed represented 20 of 29 
dogs with atrial standstill in combined totals from five 
reports." ^4 It was associated with varying degrees of 
scapulohumeral muscle wasting in 30 percent of the 
dogs in one report. Eight of 11 cats with atrial standstill 
were Siamese.” 


ATRIAL FIBRILLATION. Atrial fibrillation is usually asso- 
ciated with significant heart disease in dogs and cats 
and is not a breed-specific arrhythmia. However, it is 
occasionally noted in large-breed, asymptomatic dogs. 
A particularly high frequency was observed in Irish 
wolfhounds during screening surveys of 496 wolf- 
hounds and 92 English mastiffs for evidence of cardio- 
myopathy.” Only four of the wolfhounds were symp- 
tomatic for heart disease, but 52 (10.5%) had atrial 
fibrillation; 22 had ventricular premature beats and 
some had other arrhythmias. None of the mastiffs had 
atrial fibrillation, but a few had other arrhythmias. 
There was no sex difference in the frequency of atrial 
fibrillation in this series, but the frequency showed a 
positive correlation with body size in both sexes.** Oth- 
ers have reported greater frequency of atrial fibrilla- 
tion in male dogs.*”*° 


PERICARDIAL DISEASE AND NEOPLASIA 


Certain changes have been noted in the prevalence 
of primary and secondary pericardial diseases. The 
most common disorder, pericardial effusion, has been 
recently recorded almost exclusively in large breeds of 
nonbrachycephalic dogs of either sex. 

At the Veterinary Hospital, University of Pennsylva- 
nia, pericardial effusion was diagnosed or confirmed 
by echocardiography in 7 percent of the dogs with 
reliable signs of heart disease (see Table 23-1). Al- 
though recognition of pericardial effusion has in- 
creased with the advent of echocardiography, the inci- 
dence also has increased in certain breeds, particularly 
golden retrievers.’ In a series of 92 dogs with pericar- 
dial disease evaluated from 1987 to 1989, there was an 
increased risk of pericardial effusion in golden retriev- 
ers (n = 22, OR, 7.4), German shepherds (n = 14; 
OR, 2.3), and Labrador retrievers (n = 8; OR, 2.2), 
German shorthair pointers (n = 4; OR, 9.5), and 
Akitas (n = 3; OR, 6.5).! Brachycephalic breeds were 
uncommon and were represented by only three boxer 
dogs (OR, 1.5), one bulldog, and one Boston terrier. 
Golden retrievers (6) and German shepherds (4) were 
the most common breeds represented in 21 dogs with 
pericardial effusion in 1990 to 1993 (see Table 23-1) 
and were also recognized in reports by others.””*? Most 
pericardial effusions are caused by hemorrhage from 
primary or metastatic hemangiosarcomas, but occa- 
sional dogs are recognized with chemodectoma, meso- 
thelioma, various other sarcomas and carcinomas, idio- 
pathic benign pericardial effusion, congestive heart 
failure, uremia, infection, foreign body, trauma, cysts, 
congenital pericardioperitoneal hernia, or ruptured 
left atrium. 

Neoplasia was identified as the cause of pericardial 
effusion in 24 of 42 dogs (57%) in one series” and 19 
of 50 (38%) in another report.” A mass was visible in 
12 of 21 dogs with pericardial effusion at this institu- 
tion, and 9 other dogs were found to have cardiac 
tumors without effusion (see Table 23-1). Hemangio- 
sarcoma is the most common primary cardiac neo- 
plasm in dogs. It is usually located in the right atrium 
or right atrial appendage and was previously recog- 
nized most often in German shepherd dogs.’ 
More recently, it has been seen commonly in golden 
retrievers at the Veterinary Hospital, University of 
Pennsylvania.” Chemodectomas are the second most 
common cardiac neoplasm. They occur with increased 
frequency in brachycephalic breeds, particularly 
males,” ° but are also recognized in nonbrachyce- 
phalic dogs.*' 97 99 

Feline pericardial disease (mainly effusion) was diag- 
nosed in 66 of 2852 feline necropsies (2.3%).' In 
most instances, the effusion was associated with other 
illnesses, including feline infectious peritonitis, cardio- 
myopathy, renal failure, systemic infection, coagulopa- 


thies, or neoplasia (lymphosarcoma or metastatic car- 
cinoma). Hemangiosarcoma and benign idiopathic 
pericardial effusion were not observed. In another re- 
view of 4933 feline necropsies, no primary cardiac 
tumors were found, but 18 cases of hemangiosarcoma 
were identified.'®’ Cardiac metastases were identified 
in 12 cats, but none were in the right atrium. 


PULMONARY VASCULAR DISEASE 


The most common pulmonary vascular disease in 
dogs is pulmonary arteritis and thromboembolism due 
to Dirofilaria immitis infection (chapter 30). Although 
dirofilariasis is widespread in the United States, the 
frequency and pattern of distribution generally corre- 
spond to climatic conditions favoring maturation of 
larvae and survival of mosquito vectors. The disease 
occurs in cats much less frequently than in dogs. In 
endemic areas, 11 necropsy surveys showed average 
heartworm infection rates of 1.9 percent in cats and 
34.6% in dogs.' 

Pulmonary thromboembolism complicating other 
diseases was suspected clinically in only 2 of 47 dogs 
with emboli at necropsy.'° The most commonly associ- 
ated diseases were cardiac (15), neoplasia (14), and 
disseminated intravascular coagulopathy (10). Another 
necropsy survey of vascular thrombosis in 59 dogs ex- 
cluded those conditions.'** Pulmonary thromboemboli 
were found in 27 of 59 dogs, and the most commonly 
associated conditions were renal disease (11 of 27) and 
hyperadrenocorticism or steroid therapy (11 of 27). 
Portal vein thrombi in 11 dogs were mainly associated 
with steroid therapy (10 of 11) and pancreatic necrosis 
(4 of 11).' 

Medial hyperplasia of pulmonary arterioles is often 
observed histologically in cats, but it is not usually 
associated with recognizable clinical disease. Reported 
occurrence rates vary from 3 to 68 percent because of 
nonspecific criteria for histologic diagnosis and vari- 
able interest on the part of the observers. One study 
focusing on cardiovascular pathology reported a fre- 
quency of 68.8 percent in 122 cats and found no age 
group differences in cats older than 1 year.” Identical 
lesions were found in specific pathogen-free cats, indi- 
cating that pulmonary artery parasitism was not a ma- 
jor etiologic factor.'” 


SYSTEMIC VASCULAR DISEASE 


Primary systemic vascular disease is uncommon, but 
atherosclerosis and aortic or coronary thrombosis are 
occasionally recognized, particularly in dogs with hypo- 
thyroidism and elevated serum cholesterol.'°’ Intramu- 
ral coronary arteriosclerosis with amyloid deposition is 
common in old dogs with chronic valvular disease.'% 
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Intramural coronary arteriosclerosis without amyloid 
also occurs in the left ventricle of dogs with congenital 
subaortic stenosis and in the right ventricle of dogs 
with pulmonic stenosis. Spontaneous, asymptomatic 
coronary artery vasculitis of unknown etiology has 
been recognized in up to 34 percent of young bea- 
gles.! 11° Systemic vasculitis causing a canine pain 
syndrome also has been reported in young beagles 
from several laboratories in the United States, France, 
and Great Britain over the past 10 years.'!' Immuno- 
logic studies have shown that the disorder is compara- 
ble to Kawasaki disease in humans, and it has been 
termed canine juvenile polyarteritis syndrome.'! Sys- 
temic arterial thrombi are uncommon in dogs. In a 
series of 29 dogs with arterial thrombi, 7 had primary 
renal disease.'** Congenital or acquired peripheral ar- 
teriovenous fistulas occur, usually in limbs and secon- 
dary to trauma.''* 

Portacaval shunts are the second most common ca- 
nine congenital cardiovascular malformation.’ Analysis 
of breed distribution in 298 dogs and respective odds 
ratios showed the most frequent occurrence in York- 
shire terriers (OR, 19.9), pugs (10.0), miniature 
schnauzers (6.9), Maltese (5.4), Pekingese (3.7), stan- 
dard schnauzers (3.7), Shih tzu (3.4), and Lhasa apso 
(2.4).! 

Aortic thromboembolism in cats is the most frequent 
vascular abnormality encountered in small animal 
medicine and may occur with any form of cardiomyop- 
athy. The frequency of aortic thromboembolism in 
2000 cats presented to the Veterinary Hospital, Univer- 
sity of Pennsylvania, in 1961 to 1964 was 0.7 percent." 
Thirty years later, during 1991 to 1993 it was diagnosed 
in 53 of 8350 cats (0.63%), which suggests that the 
occurrence rate may not have changed despite a major 
reduction in the incidence of dilated cardiomyopathy. 
The predominance in males 30 years ago (2.9:1) was 
still present in 53 recent cases (2.5:1). However, the 
average age of affected cats today (8.4 years) was 
greater than 30 years ago (5.6 years, P = .007). 


SYSTEMIC HYPERTENSION 


Systemic hypertension in small animals appears to 
be more common than studies indicated 30 years ago. 
This stems from better recognition of associations be- 
tween hypertension and end-organ diseases (e.g., reti- 
nal hemorrhage in cats presented for sudden blind- 
ness).!!5 Diagnosis has been hampered by lack of 
confidence in indirect blood pressure measurement 
techniques and increased blood pressure that occurs 
with excitement in untrained dogs and cats." Cyclic 
blood pressure variations have also been demonstrated 
by 24-hour recordings in a colony of dogs with heredi- 
tary hypertension.'!? One report suggests that criteria 
for hypertension require blood pressures greater than 
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180 mmHg systolic or greater than 100 mmHg dia- 
stolic.''* Surveys in clinically normal dogs revealed ele- 
vated arterial blood pressures in 1 to 2 percent of 
dogs.''® Caution should be exercised when extrapolat- 
ing values from other breeds to greyhounds that may 
have higher normal systolic pressures (normally > 200 
mmHg). 

Animals with end-organ disease due to hypertension 
commonly have systolic arterial pressures of 220 to 240 
mmHg. About one third of dogs with hypertension 
have chronic renal disease and one third have hyper- 
adrenocorticism. Most cats with hypertension have 
chronic renal disease or hyperthyroidism. ''* 
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Congenital Heart 
Disease 


JOHN D. BONAGURA 
LINDA B. LEHMKUHL 


CAUSES OF CARDIAC MALFORMATIONS 


Congenital heart disease (CHD) is a clinically significant cause of cardio- 
vascular morbidity and mortality in small animals.” Etiologies, develop- 
mental lesions, pathophysiology, and clinical findings are often similar to 
those reported in humans with cardiac malformations.'* '* 14 

Congenital cardiac defects may develop as a result of genetic, environmen- 
tal, chromosomal, infectious, toxicologic, nutritional, and drug-related fac- 
tors.' 1> 15-2 Surveys of cats suggest that some breeds are predisposed to 
certain malformations, but more is known about genetically transmitted 
defects in specific canine breeds (Table 24-1).* ° °? There is little data 
regarding nongenetic factors pertaining to spontaneous CHD in the dog 
and cat. 

A genetic basis has been demonstrated for some CHD in the dog. Earlier 
studies suggested a polygenic model of transmission in which multiple genes 
have additive effect and produce a discrete phenotypic trait once a “thresh- 
old” has been attained. Studies by Patterson et al” suggest a single major 
gene effect with superimposed variation possibly related to other gene loci 
or the environment. Such patterns of inheritance explain the spectrum of 
subclinical to severe malformations found in families of dogs with CHD. The 
precise mechanisms by which parents with apparently normal phenotype 
produces offspring with CHD has not been completely elucidated. Unfortu- 
nately, since simple (Mendelian) genetic transmission is not causative, it is 
difficult to provide genetic counseling for breeders. Moreover, it may be 
hard to eliminate or reduce the prevalence of cardiac defects without careful 
attention to pedigree and breeding trials. 


PREVALENCE 


The exact prevalence of CHD is uncertain as there are both national and 
regional breed differences for certain cardiovascular malformations (chapter 
23). A compilation of congenital heart defects in the United States has been 
reported in dogs and cats,? > **? and common defects are summarized in 
Tables 23-4, 23-5, and Table 24-2. Because multiple congenital anomalies 
may be identified in some animals,” the chosen method of reporting 
defects will alter frequency data slightly. 

In one of the largest canine surveys, 325 malformations were detected in 
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TABLE 24-1 
Breed Predispositions to Congenital Heart Disease 


Breed 


Airedale terrier 
Beagle 

Bichon frise 
Bouvier de Flandres 
Boykin spaniel 
Boxer 

Bull terrier 
Chihuahua 

Cocker spaniel 
Collie 

Doberman pinscher 
English bulldog 
English springer spaniel 
German shepherd 


German shorthair pointer 
Golden retriever 
Great Dane 

Irish setter 

Kerry blue terrier 
Keeshond 

Labrador retriever 
Maltese 

Mastiff 
Newfoundland 

Old English sheepdog 
Poodle breeds 
Pomeranian 
Rottweiler 

Samoyed 

Schnauzer breeds 
Shetland sheepdog 
Terrier breeds 
Weimaraner 

West Highland white terrier 
Yorkshire terrier 


Malformation 


Pulmonic stenosis (PS) 

Pulmonic stenosis, pulmonary insufficiency 

Patent ductus arteriosus (PDA) 

Subaortic stenosis 

Pulmonic stenosis 

Subaortic stenosis (SAS), pulmonic stenosis, atrial septal defect (ASD) 

Mitral valve dysplasia, aortic stenosis 

Patent ductus arteriosus, pulmonic stenosis 

Patent ductus arteriosus, pulmonic stenosis 

Patent ductus arteriosus 

Atrial septal defect 

Pulmonic stenosis, tetralogy of Fallot, ventricular septal defect (VSD), subaortic stenosis 

Patent ductus arteriosus, ventricular septal defect 

Patent ductus arteriosus, subaortic stenosis, mitral valve dysplasia, tricuspid valve 
dysplasia, tricuspid valve dysplasia, persistent right aortic arch 

Subaortic stenosis 

Subaortic stenosis, mitral valve dysplasia, tricuspid valve dysplasia 

Mitral valve dysplasia, tricuspid valve dysplasia, aortic stenosis, persistent right aortic arch 

Persistent right aortic arch 

Patent ductus arteriosus 

Tetralogy of Fallot, ventricular septal defect, patent ductus arteriosus 

Tricuspid valve dysplasia, patent ductus arteriosus 

Patent ductus arteriosus 

Mitral valve dysplasia, pulmonic stenosis 

Subaortic stenosis, mitral dysplasia, patent ductus arteriosus 

Tricuspid valve dysplasia 

Patent ductus arteriosus 

Patent ductus arteriosus 

Aortic stenosis 

Pulmonic stenosis, aortic stenosis, ? atrial septal defect 

Pulmonic stenosis 

Patent ductus arteriosus 

Pulmonic stenosis 

Tricuspid valve dysplasia, peritoneopericardial diaphragmatic hernia 

Pulmonic stenosis, ? VSD 

Patent ductus arteriosus 


290 dogs, and the overall prevalence in a university 
hospital canine population was 6.8 per 1000 dogs.® In 
these 290 dogs, congenital disorders included patent 
ductus arteriosus (28 percent), pulmonic stenosis (20 
percent), aortic stenosis (14 percent), persistent right 
aortic arch (8 percent), ventricular septal defect (7 
percent), and in less than 5 percent, tetralogy of Fallot, 
persistent left cranial vena cava, and atrial septal de- 
fects. In a 1989 unpublished survey of congenital car- 
diac defects from the United Kingdom, 32 percent of 
339 reported cases were due to subaortic stenosis; 20 
percent, patent ductus arteriosus; 14 percent, mitral 
dysplasia; 12 percent, pulmonic stenosis; and 8 per 
cent, ventricular septal defects. More recent reports,” * 
including a large study by Buchanan that included 
prevalence information from a North American data 
base of over 1300 cases, indicated that while patent 
ductus arteriosus is still the most frequently reported 
lesion (31.7 percent), subaortic stenosis (22.1 percent) 
now exceeded pulmonic stenosis (18.3 percent) in 
prevalence. Based on these studies, the overall preva- 
lence of canine congenital heart disease ranges from 
0.46 percent to 0.85 percent of university hospital ad- 
missions. 


In cats, the estimated prevalence of congenital heart 
disease using pooled data was between 2 and 10 cats 
per 1000 admissions (0.2 to 1 percent). A total of 287 
anomalies was recorded,* ® including atrioventricular 
septal defects (comprising ventricular septal defect, 
atrial septal defect, and endocardial cushion de- 
fect—approximately 24 percent), atrioventricular valve 
dysplasia (17 percent), endocardial fibroelastosis (11 
percent), patent ductus arteriosus (11 percent), aortic 
stenosis (6 percent), and tetralogy of Fallot (6 per- 
cent). 


CLINICAL EVALUATION OF 
CONGENITAL HEART DISEASE 


Identification of congenital heart disease is always 
important in newly acquired pets and in animals raised 
for breeding. Accurate assessment may require Dop- 
pler echocardiography and cardiac catheterization. 
The practitioner should be familiar with common car- 
diac malformations, associated clinical findings, and 
the underlying genetic basis when known. 


TABLE 24-2 
Classification of Congenital Heart Disease 
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Ventricular Outflow Obstruction 
Right-sided 
Pulmonic stenosis 
Valvular dysplasia* 
Subvalvular 
Supravalvular 
Tetralogy of Fallot* (see below) 
Double-chambered right ventricle 
Left-sided 
Aortic stenosis 
Subvalvular (subaortic) * 
Discrete 
Fibromuscular 
Dynamic 
Valvular 
Supravalvular 
Coarctation of the aorta 
Hypoplasia of the aorta 
Interruption of the aorta 


System to Pulmonary Shunting (Left-to-Right) 
Atrial septal defect (ASD) * 
Patent foramen ovale 
Secunduim defect 
Primum defect 
Sinus venosus defect 
Atrioventricular septal defects/endocardial cushion defect* 
Incomplete or partial 
Common atrioventricular canal 
Anomalous pulmonary venous return 
Ventricular septal defects (VSD) * 
Perimembranous defects (subcristal) 
Muscular defects 
Subpulmonic (supracristal) defects 
Patent ductus arteriosus (PDA)* 
Aorticopulmonary septal defect (see Vascular anomalies) 
Truncus arteriosus 
Systemic arterial to pulmonary shunts 


Pulmonary to Systemic Shunting (Right-to-Left) 

Pulmonary stenosis or tricuspid valve dysplasia 
with patent foramen ovale 

Tricuspid atresia 

Tetralogy of Fallot* 

Pulmonary atresia 


Eisenmenger’s physiology (reversed shunting across a 
septal defect or PDA) 


Malformation of the Atrioventricular Valves 
Mitral valve dysplasia 

Insufficiency 

Stenosis 
Tricuspid valve malformation 

Insufficiency 

Stenosis 

Atresia (see above) 


Transposition Complexes 
Anomalous pulmonary venous connection 
Double-outlet right ventricle 
Transposition of the great vessels 
D-transposition 
L-transposition (congenitally corrected) 


Miscellaneous Cardiac Defects 
Anomalous development of the atria 
Cor triatriatum 
Cor triatriatum dexter 
Endocardial fibroelastosis 
Cordis ectopia 


Multiple Cardiac Anomalies 


Vascular Anomalies 
Persistent patent ductus arteriosus* (see above) 
Vascular “ring” anomalies 
Persistent right fourth aortic arch* 
Left aortic arch with right ligamentum arteriosum 
Double aortic arch 
Retroesophageal subclavian artery 
Anomalies of the aorta and related arteries (also, 
ventricular outflow obstruction, above) 
Venous anomalies 
Persistent left cranial vena cava 


Pericardial Defects 

Congenital peritoneopericardial diaphragmatic hernia* 
Pericardial cyst 

Incomplete (partial absence of the) pericardium 


*One of the most frequently recognized malformations. National and regional differences are recognized. Overall, patent ductus arteriosus, subaortic stenosis, 
pulmonic stenosis, ventricular septal defect, and atrioventricular valvular dysplasia are the most frequently recognized lesions in dogs. Ventricular septal defect 
and mitral valve malformation are the most frequently recognized cardiac malformations in cats. 


Knowledge of the breed is particularly important 
(chapter 23) because a genetic basis is suspected for 
many of the cardiac malformations (see Table 24-1). 
A diagnosis can usually be attained by a complete 
noninvasive evaluation that includes the history, physi- 
cal examination, thoracic radiography, electrocardiog- 
raphy, routine hematologic tests, and echocardiogra- 
phy (chapters 4 through 8). Definitive diagnosis 
requires Doppler echocardiography or, infrequently, 
cardiac catheterization and angiocardiography. 


HISTORY AND PHYSICAL EXAMINATION 
INNOCENT MURMURS 


Normal puppies and kittens can exhibit innocent sys- 
tolic cardiac murmurs, which must be distinguished from 


murmurs caused by a cardiac malformation. The typi- 
cal innocent murmur is soft (grade 1 to 3/6) and is 
usually described as loudest over or craniodorsal to the 
pulmonic or aortic valve area; protomesosystolic (or 
ejection) in timing; variable with heart rate and chang- 
ing body position; often musical in quality; and typi- 
cally diminishing in intensity or resolved by 16 weeks 
of age. 


CONGENITAL CARDIAC MURMURS 


In contrast, murmurs of congenital cardiac origin 
are often moderately intense to loud. There are occa- 
sional exceptions; for example, a heart murmur may 
not be audible with very large defects, even in the 
presence of severe cyanotic heart disease; puppies with 
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tricuspid valve dysplasia may have severe malformation 
and a relatively soft right-sided heart murmur; and 
mild stenosis of a semilunar valve or ventricular out- 
flow tract may generate only a soft, systolic murmur 
that can be easily confused with an innocent flow 
murmur. Murmurs of outflow tract obstruction also 
may increase in intensity with increasing sympathetic 
activity or heart rate as do innocent murmurs. 

The presence of any type or grade of heart murmur 
in a young animal should be considered as potentially 
compatible with a diagnosis of congenital heart dis- 
ease, Usually, a precordial thrill accompanies loud mur- 
murs, and this vibration corresponds to the point of 
maximal murmur intensity. The location of a precor- 
dial thrill often is characteristic of the associated le- 
sion. Additional auscultatory abnormalities may be 
present, such as a loud or split second heart sound. 


AGE 


Age is a factor when assessing the effect of pul- 
monary vascular resistance on the magnitude of sys- 
temic-to-pulmonary shunts. Although the pulmonary 
vascular resistance and right ventricular pressures fall 
immediately at birth, they continue to decline during 
the first 1 to 2 months of life,” and left-to-right 
shunting may not be fully manifested until a number 
of weeks after birth. Some lesions may progress with 
age. For example, congenital subaortic stenosis may 
actually develop during the first 2 months of life, and 
the associated cardiac murmur increases in intensity as 
the dog grows to maturity.'* ** A progression of clinical 
signs with increasing age is to be expected in animals 
with severe malformations. Innocent murmurs are 
most common in puppies less than 16 weeks old. 


GENDER 


A sex predisposition is not well established in dogs. 
Exceptions include the higher prevalence of patent 
ductus arteriosus in female dogs, and the possible male 
predominance of both tricuspid dysplasia in dogs and 
pulmonic stenosis in English bulldogs.® ** The Siamese 
and Burmese breeds may be predisposed to some con- 
genital heart defects, and male kittens seem to be at 
higher risk for cardiac malformation.” 


CLINICAL SIGNS 


Affected animals may fail to grow; exhibit shortness 
of breath, cough, abdominal distention, cyanosis, weak- 
ness, syncope, or seizures; or die suddenly. Many are 
relatively asymptomatic until acute decompensation 
occurs. Whereas some pets with congenital heart dis- 
ease are examined for clinical signs related to their 
malformation, most cases are identified at the time 


of immunization following auscultation of a cardiac 
murmur. 


OTHER PHYSICAL EXAMINATION FINDINGS 


Abnormalities of the arterial pulse, mucous mem- 
branes, jugular venous pulse, or precordium may 
support a clinical suspicion of congenital disease. Hy- 
perkinetic (“water-hammer”’) arterial pulsations are charac- 
teristic of lesions causing abnormal diastolic runoff of 
aortic blood as occurs with patent ductus arteriosus or 
aortic regurgitation. Hypokinetic arterial pulses are typi- 
cal of severe subaortic stenosis or tricuspid dysplasia 
and are characterized by delayed ventricular ejection 
or diminished output, respectively. Although cyanosis 
often indicates right-to-left shunting, this sign also can 
develop with severe congestive failure and secondary 
pulmonary dysfunction. Prominent jugular venous pul- 
sations may suggest a right heart abnormality, such as 
pulmonic stenosis or severe tricuspid regurgitation. 
A precordial heave (prominent apical impulse) often 
indicates hypertrophy or enlargement of the underly- 
ing ventricle. 


CARDIAC IMAGING 


Survey thoracic radiographs are important to iden- 
tify cardiomegaly, enlargement of the great vessels, 
pulmonary circulatory dynamics, and congestive heart 
failure. Angiocardiography characterizes anatomic de- 
fects and delineates abnormal blood flow. Echocardi- 
ography noninvasively defines anatomic lesions and 
abnormal blood flow patterns and estimates ventricu- 
lar function. Nuclear medicine studies, computed to- 
mography, and magnetic resonance imaging have spe- 
cific applications but are limited in availability. 


SURVEY RADIOGRAPHY 


Radiography plays an integral role in evaluation for 
congenital heart disease.* *°* Radiographic assessment 
of cardiomegaly ideally should be done in conjunction 
with the electrocardiogram (ECG) and preferably the 
echocardiogram. 


CARDIOMEGALY. The detection of cardiomegaly is rela- 
tively easy. However, the distinction between right and 
left ventricular enlargement may be difficult without 
echocardiography, and the frequent occurrence of 
apex shifting may also confuse the clinician and result 
in erroneous diagnosis. There is a tendency to overin- 
terpret the right ventricle in neonates, in which some 
right ventricular dominance is normal. The thoracic 
radiograph is a fairly good indicator of the severity of 
congenital heart disease when the underlying condi- 
tion is characterized by left-to-right shunting or valvu- 


lar insufficiency. Thus, a small ventricular septal defect 
or mildly dysplastic tricuspid valve is likely to be associ- 
ated with mild cardiomegaly, whereas a severe defect 
is generally characterized by severe heart enlargement. 
However, in cases of outflow obstruction, pulmonary 
hypertension, or right-to-left shunts, lesion severity is 
often not accurately reflected in the degree of radio- 
graphic cardiomegaly; ventricular hypertrophy is often 
concentric (compromising the lumen) and is far better 
appreciated by echocardiography. 


GREAT VESSELS. Dilation of the great vessels can pro- 
vide clues to underlying cardiac malformations. Aortic 
widening in the cranial mediastinum is typical of the 
poststenotic dilatation of subaortic stenosis; the aortic 
anomaly is sometimes noted with tetralogy of Fallot. 
Aneurysmal dilation of the descending aorta is com- 
mon with patent ductus arteriosus. Enlargement of the 
main pulmonary artery may accompany poststenotic 
turbulent flow from pulmonic stenosis, increased flow 
caused by any left-to-right shunt, or pulmonary hyper- 
tension. Caudal vena cava enlargement may be noted 
in tricuspid dysplasia, pulmonic stenosis, or cor triatria- 
tum dexter. 


PULMONARY VASCULARITY. Although changes must be 
assessed with caution, pulmonary vascularity serves as 
a useful guideline in determining pulmonary overcir- 
culation, undercirculation, and venous congestion.* 36-38 
Cranial and caudal lobar arteries and veins, as well as 
peripheral pulmonary vascular markings, should be 
examined. Right-to-left shunts, like tetralogy of Fallot, 
are characterized by diminished peripheral perfusion 
and normal-to-small lobar vessels. Reversed or bidirec- 
tional shunts resulting from pulmonary hypertension 
may cause diminished peripheral perfusion, dilated 
lobar arteries, and a dilated main pulmonary trunk. In 
some cases of reversed shunting, however, the pulmo- 
nary vasculature seems remarkably normal. Vascularity 
can also be decreased in other conditions, such as 
pulmonic stenosis and severe tricuspid dysplasia. Con- 
versely, left-to-right shunts, like atrioventricular septal 
defects and patent ductus arteriosus, have an increased 
dimension of lobar arteries and veins, with prominent 
peripheral vascular markings that may be misinter- 
preted as interstitial lung densities. Right or left ven- 
tricular congestive failure may be heralded by widened 
diameter of the caudal vena cava or pulmonary veins, 
respectively. 


ANGIOGRAPHY 


Selective angiocardiography identifies most of the 
common congenital heart defects.*° 3 3-5 A general 
approach is to perform both a right and left ventriculo- 
gram and to record the movement of injected contrast 
material over 10 to 20 seconds. A supravalvular aortic 
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injection is also performed, and the movement of 
blood is followed for 8 to 10 seconds. 


RIGHT VENTRICULOGRAM. The following lesions can 
generally be identified: tricuspid regurgitation, double- 
chambered right ventricle or anomalous fibromuscular 
bands, pulmonary stenosis or atresia, right-to-left- 
shunting ventricular septal defect, tetralogy of Fallot 
(and pseudotruncus arteriosus), double-outlet right 
ventricle, transposition of the great vessels, truncus 
arteriosus, aorticopulmonary communication (with 
pulmonary hypertension), reversed patent ductus arte- 
riosus, and abnormal pulmonary vascularity owing to 
pulmonary hypertension or vascular disease. Following 
return of contrast to the left side of the heart from 
the right ventricular (or pulmonary artery) injection, 
the following lesions can generally be identified: anom- 
alous pulmonary venous return (to the right atrium), 
atrial septal defect (left-to-right shunting), mitral ste- 
nosis, and subaortic and aortic valve stenosis. 


LEFT VENTRICULOGRAM. The following lesions can usu- 
ally be identified: mitral regurgitation; ventricular sep- 
tal defect (left-to-right shunting); subaortic, aortic val- 
vular, and supravalvular stenosis; truncus arteriosus 
(and pseudotruncus arteriosus); and supravalvular le- 
sions listed later under the aortogram. 


AORTIC INJECTION. This generally delineates aortic 
regurgitation; prolapse of an aortic valve leaflet into a 
ventricular septal defect; abnormal coronary arteries; 
aorticopulmonary communication (left-to-right shunt- 
ing); coarctation, hypoplasia, or interruption of the 
aorta; abnormalities of the aortic arch or branches; 
patent ductus arteriosus (left-to-right shunting); and 
abnormal pulmonary collateral circulation (broncho- 
esophageal circulation). 


ADDITIONAL INJECTIONS. Injection of contrast into the 
left jugular vein identifies persistent left cranial vena 
cava. A right atrial injection is needed to document a 
right-to-left shunting atrial septal defect or hypoplasia/ 
atresia of the tricuspid valve and right ventricle. A 
caudal vena caval injection will best delineate a parti- 
tioned right atrium, as in cor triatriatum dexter. Ab- 
normal position of the angiocardiographic catheter 
may also delineate a lesion, as when an atrial septal 
defect is crossed. 


ECHOCARDIOGRAPHY 


Echocardiography permits detailed imaging of car- 
diac anatomy. When combined with Doppler echocar- 
diographic studies, blood flow can be detected and 
intravascular pressures estimated (chapter 8).?) 44. 46-52 
Quantifying pressure gradients across semilunar valves 
requires continuous-wave Doppler techniques.** *) 53 
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Contrast echocardiography, in which intravascular 
echo targets are created by the rapid injection of agi- 
tated saline or indocyanine-green dye, can reliably 
detect some intracardiac (particularly right-to-left) 
shunts, as can color-flow Doppler echocardiography 
(see Figs. 8-2, 8-3). 

Information obtained from a careful echocardio- 
graphic and Doppler echo study should include (1) 
anatomic detail, cardiac function, and cardiac dimen- 
sions determined by two-dimensional and M-mode 
echo; (2) detection of abnormal blood flow by pulsed- 
wave or color-coded Doppler or through contrast echo- 
cardiography; (3) identification of turbulent or high- 
velocity blood flow in the heart and great vessels, using 
pulsed-wave Doppler echo; and (4) quantifying high- 
velocity flow by continuous-wave Doppler echo. Veloc- 
ity data from the continuous wave study can be used to 
measure pressure gradients by means of the modified 
Bernoulli equation, in which the instantaneous pres- 
sure drop across a stenosis or shunt is estimated by 


Pressure gradient (mm Hg) = 4 X peak velocity (m/s)? 


It is also possible to estimate pulmonary artery pres- 
sures, shunt ratio, and regurgitant fraction using 
Doppler techniques. Estimates of pulmonary arterial 
pressures usually involve measuring the peak velocity 
of any recorded pulmonary insufficiency or tricuspid 
regurgitation (in the absence of pulmonic stenosis or 
a large ventricular septal defect) and employing the 
Bernoulli equation. The greater the pressure in the 
pulmonary artery, the higher the velocity of regurgita- 
tion. Shunts are estimated noninvasively by measuring 
systemic flow and pulmonary flow using pulsed Dop- 
pler or color-flow convergence techniques. *° 


ELECTROCARDIOGRAPHY 


The ECG is often helpful in the diagnosis of congen- 
ital heart disease.* 7 * * °° A normal ECG does not 
rule out a cardiac malformation, but an abnormal 
ECG helps indicate the cause. Persistence of a right 
ventricular hypertrophy pattern after the first few 
weeks of age in the dog is abnormal and highly sugges- 
tive of pulmonic stenosis, tetralogy of Fallot, tricuspid 
dysplasia, atrial septal defect, large ventricular septal 
defect, or pulmonary hypertension. Right ventricular 
hypertrophy can also lead to conduction delay, with 
right axis deviation and QRS complex widening. Occa- 
sionally, the presence of congenital right bundle 
branch block may suggest an erroneous diagnosis of 
right ventricular hypertrophy in an animal with a left- 
sided heart lesion, but as a general rule, this finding 
indicates one of the aforementioned right-sided de- 
fects. Increased QRS voltages with a normal frontal 
axis are typical of patent ductus arteriosus and other 
defects causing left ventricular enlargement. Left axis 


deviation in the frontal plane may indicate left ventric- 
ular hypertrophy or left anterior fascicular block. 


CARDIAC CATHETERIZATION 


Cardiac catheterization is an invasive procedure use- 
ful for diagnosing structural cardiovascular malforma- 
tion and assessing physiologic associated derange- 
ments,* 403, 57-60, 6% Tt permits (1) oximetry (sampling 
for hemoglobin-oxygen saturation), (2) cardiac output 
and stroke volume measurements, (3) indicator dilu- 
tion studies, and (4) intravascular and intracardiac 
pressure recording. Selective angiocardiograms with 
catheterization data represent the “gold standard” by 
which to compare other diagnostic and hemodynamic 
assessments. A complete description of cardiac cathe- 
terization can be found in chapter 9. 


PRESSURE GRADIENTS AND VALVE STENOSIS. Blood is nor- 
mally propelled across the heart by the generation of 
small, instantaneous pressure gradients, although peak 
pressures should be equal across a normal opened 
cardiac valve. Valve stenosis is associated with an in- 
creased velocity flow. This is caused by development of 
a pressure gradient—an increase in pressure behind the 
stenosis, relative to the pressure distal to the valve. 
This pressure gradient can be measured as an instanta- 
neous, peak-to-peak, or mean pressure difference; the 
magnitude of the pressure gradient indicates the sever- 
ity of obstruction (Fig. 24-1). 

A diastolic gradient across an atrioventricular valve 
implies mitral or tricuspid stenosis, whereas a systolic 
gradient across a semilunar valve denotes pulmonic or 
subaortic stenosis. All gradients depend on transvalvu- 
lar flow. They can be artificially diminished by heart 
failure, anesthetic agents, hypovolemia (from diuret- 
ics), arrhythmias, or combinations of lesions that re- 
duce transvalvular flow across the narrowed region 
(e.g., mitral stenosis with aortic stenosis; tricuspid re- 
gurgitation with pulmonic stenosis). Conversely, sym- 
pathetic stimulation can enhance a gradient by in- 
creased blood flow with inotropic stimulation. 

A pressure gradient does not always indicate valvular 
stenosis. For example, when there is a large left-to- 
right shunt, a systolic gradient of between 5 and 20 
mmHg may develop across the pulmonary valve. This 
gradient can be attributed to “relative” valvular steno- 
sis, the physiologic obstruction caused by increased 
blood volume traversing a normal valve orifice. 


PRESSURE RESISTANCE RELATIONSHIPS AND SHUNTING. Ar- 
terial pressures recorded during catheterization are 
proportional to the product of blood flow and vascular 
resistance. Normal right and left ventricular outputs 
are Virtually identical. Because the pulmonary vascular 
resistance is only about 12 percent of the systemic 
resistance, the resultant mean pulmonary arterial and 
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FIGURE 24-1 


Pressure gradients: Simultaneous 
pressure recordings taken from 
the left ventricle (LV) and 
ascending aorta (Ao) from a dog 
with congenital subvalvular aortic 
stenosis. The methods of 
measuring systolic pressure 
gradients across a stenotic lesion 
are depicted as peak-to-peak, 
instantaneous, or mean pressure 
difference. Simultaneous, 
continuous-wave Doppler 
echocardiographic velocity 
spectra are demonstrated. Thus, 
outflow tract obstruction can be 
measured directly by cardiac 
catheterization or estimated 
using Doppler echocardiographic 
techniques (chapter 8). ECG 
trace appears above. 


pulse pressures are much lower than those measured 
in the aorta.’ This is also reflected in the increased 
wall thicknesses, and correspondingly, less distensible 
left atrial and ventricular chambers. 

The obvious consequence of these pressure/resis- 
tance relationships is observed when a communication 
persists between systemic and pulmonary circulations. 
In this instance, blood shunts from the higher to the 
lower pressure system (i.e., from left to right). Patent 
ductus arteriosus and large septal defects commonly 
lead to significant left to right shunting with pulmo- 
nary overperfusion, unless there is concurrent tricus- 
pid or pulmonary stenosis or elevated pulmonary vas- 
cular resistance. When resistance is abnormally high 
on the right side of the circulation, however, shunting 
will be minimal, bidirectional, or predominately right 
to left. 

Cardiac catheterization will document the disparity 
in pressures in most cases of shunting; however, differ- 
ences of peak systolic pressures between left and right 
sides of the circulation do not necessarily indicate the 
degree of shunting. Resistance to flow is another key 
factor. For example, with a large (unrestrictive) ventric- 
ular septal defect, both ventricles behave as a common 
chamber, and systolic pressures virtually equilibrate. 
Since blood flows across the path of least resistance, if 
the pulmonary resistance is normal, a tremendous left- 
to-right shunt can develop. The opposite situation is 
observed with severe pulmonary hypertension caused 
by Eisenmenger’s physiology. In this case, the peak 
systolic pressures are approximately equal across the 
defect, but the lower systemic vascular resistance leads 
to a predominately right-to-left shunt. This type of 
shunt is often exacerbated by exercise owing to arterio- 
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lar vasodilation in skeletal muscle and increased sym- 
pathetic activity, which can promote dynamic muscular 
obstruction in the right ventricular outflow tract. 


PULMONARY HYPERTENSION. Pulmonary artery pres- 
sure has an impact on clinical signs, prognosis, and 
management of patients with shunts. Estimation or 
calculation of vascular resistances is useful in these 
animals." We emphasize that measurement of pulmo- 
nary artery pressure alone does not accurately reflect 
the state of pulmonary vascular resistance. 

Pulmonary hypertension (PH) may result from in- 
creases in flow through the lung, increased pulmonary 
vascular resistance, or both.'* Pulmonary vascular resis- 
tance can be increased as a result of (1) left-sided heart 
failure (with elevated pulmonary wedge pressure), (2) 
left-sided valvular obstruction, or (3) anatomic nar- 
rowing of the pulmonary arterial system. Unless pul- 
monary and systemic blood flow are measured by ther- 
modilution or indicator dilution techniques, the 
clinician may be uncertain whether pulmonary hyper- 
tension represents high flow, left-sided heart failure, 
or irreversible arteriolar change. This distinction may 
be critical to therapeutic decisions, as in the case of a 
ventricular septal defect in which PH due to high 
flow is an indication for repair or pulmonary artery 
banding, whereas PH due to arteriolar damage injury 
and increased resistance is a contraindication to sur- 
gery. Oximetry and evaluation of peripheral lung per- 
fusion on the thoracic radiograph can also yield im- 
portant information about vascular resistance. 


VENTRICULAR DIASTOLIC PRESSURE. Elevated ventricular 
end-diastolic pressure is serious and may lead to clini- 
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cal signs such as tachypnea or ascites. This can result 
from a number of abnormalities: ventricular hypertro- 
phy or endocardial fibrosis with increased diastolic 
ventricular stiffness; volume overloading as with left-to- 
right shunting or incompetent cardiac valves; ventricu- 
lar failure; pericardial disease; or a combination of 
these problems. 


OXIMETRY. Blood oxygen content (ml O,/dl blood) 
is a product of the oxygen saturation and oxygen- 
carrying capacity (proportional to hemoglobin con- 
centration). Oxygen saturation values, from left atrium 
to left ventricle, to ascending aorta to descending 
aorta, are normally within 1 to 2 percent of each other. 
However, differences of up to 5 percent saturation may 
be detected on the right side of the heart. The right 
atrium receives blood from a variety of sources, each 
with a different oxygen saturation, and there is incom- 
plete mixing of blood in this chamber. The lowest 
oxygen saturation is measured at the coronary sinus, 
and we have found the cranial vena caval saturation to 
be higher than that of the azygos vein or caudal vena 
cava in samples obtained from anesthetized dogs 
breathing 33 percent oxygen. Although differences of 
greater than 5 percent saturation are suspicious for 
shunting, even these differences can be encountered 
within the right atrium of some dogs who do not have 
intracardiac shunting. 

Catheterization of patients with intracardiac or ex- 
tracardiac shunting may demonstrate oxygen “step- 
ups” or “‘step-downs.” For example, a marked increase 
in oxygen saturation (or content) in the right ventricu- 
lar outflow tract suggests a left-to-right-shunting ven- 
tricular septal defect or pulmonary insufficiency in a 
case of patent ductus arteriosus. Right-to-left shunting 
leads to desaturation of arterial blood, beginning at 
the level of the shunt. Formulas have been devised 
to estimate the degree of cardiac shunting (Qp:Qs), 
calculated from oxygen content and indicator dilution 
techniques (chapter 9). Surgical decisions based on 
shunt calculations should be interpreted with other 
information, including pulmonary artery pressure, 
pulmonary vascular resistance, results of thoracic radi- 
ography, and clinical signs. 


LABORATORY TESTS 


Hematologic tests are not an important part of the 
diagnostic workup. Serum biochemical tests may be 
abnormal when there is congestive heart failure or 
intercurrent organ disease (e.g., portosystemic shunt- 
ing), but the complete blood count (CBC), biochemi- 
cal profile, and urinalysis are typically normal. One 
exception is a higher-than-normal packed cell volume 
(PCV) in a neonate with right-to-left shunting. Polycy- 
themia is often noted with tetralogy of Fallot, reversed 
patent ductus arteriosus, and complex cyanotic heart 


disease.” Arterial hypoxemia, hypocapnia, and meta- 
bolic acidosis may be detected in cases of right-to-left 
shunting. 


LESIONS CAUSING 
VENTRICULAR OUTFLOW 
OBSTRUCTION 


PULMONIC STENOSIS 


Pulmonic stenosis (PS) is a common congenital 
heart defect in dogs (see Table 23-8) and is occasion- 
ally recognized in cats.® 72: 33 45, 56, 62-67 Although obstruc- 
tion to right ventricular outflow can develop in the 
infundibulum, in the subvalvular region, and above 
the pulmonic valve, dysplasia of the pulmonary valve 
is the most frequently observed defect in dogs. Subval- 
vular or valvular pulmonic stenoses are also recognized 
in animals with tetralogy of Fallot. Right ventricular 
outflow obstruction in the extreme form is repre- 
sented as pulmonary artery atresia. 

Pulmonic stenosis has a frequency of approximately 
11 to 18 percent of congenital cardiac defects® ** * 
and demonstrates a genetic basis in certain canine 
breeds (see Table 24-1). The etiology in cats is un- 
known. In beagle dogs, a polygenetic mode of trans- 
mission was responsible for abnormal development of 
pulmonary valve anlagen, leading to valve dysplasia. 
These results are likely to be applicable to other af- 
fected breeds. 


LESIONS 


GROSS MORPHOLOGY. A spectrum of abnormalities was 
observed in pulmonary valve dysplasia of beagles, and 
graded thus®: grade 1—“‘slight thickening of pulmo- 
nary valve leaflets with little or no fusion or hypoplasia, 
producing minimal or no demonstrable pulmonary 
outflow obstruction,” and grade 2—‘‘moderate-to-se- 
vere thickening of pulmonary valve leaflets, usually 
with fusion, hypoplasia, or both, producing moderate- 
to-severe pulmonary outflow obstruction.” Clinical 
cases of pulmonic stenosis (PS) usually represent a 
grade 2 lesion. We have observed similar findings in 
other breeds (Fig. 24-2). Many of these dogs also have 
fibrous thickening at the immediate base of the valves 
in addition to abnormal valve leaflets. Such thick- 
enings may account for the preponderance of “subval- 
vular” PS in some surveys. Pulmonic stenosis of the 
dog more closely resembles atypical PS in children." 

Anomalous coronary artery development is present 
in some affected dogs, especially in English bulldogs 
and boxers. It is characterized by an anomalous left 
main coronary artery (originating from a single right 
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FIGURE 24-2 


Pathology of congenital pulmonic stenosis. Hearts obtained from three dogs with pulmonic valve 
dysplasia show some of the variable features. Upper right, Dysplastic pulmonary valve viewed from 
above. The main pulmonary artery has been cut away to illustrate the thickened, partially fused 
pulmonary valve leaflets (arrow). The right ventricle (RV) and the aorta (Ao) are indicated. Lower 
center, Right ventricular enlargement with hypertrophy of the right ventricular wall (W) is evident in 
this dog with pulmonic valve dysplasia (arrow). The pulmonic valve leaflets are thickened and 
malformed, and the thickening extends to the base of each valve. The main pulmonary artery (PA) is 
dilated as a result of poststenotic dilation. The ventricular septum is noted (S). Upper left, Hypoplasia 
of the pulmonary valve (arrow) is evident in this specimen viewed from the ventral surface. There is 
marked hypertrophy of the right ventricle, papillary muscles, infundibulum (white arrowheads), and 
supraventricular crest between the tricuspid valve (TV) and the pulmonary valve (upper arrow). The 
right atrium (RA), aorta (Ao), and the main pulmonary artery (PA) are indicated. 

(From Bonagura JD, Darke PGG. Congenital heart disease. /n Ettinger SJ, Feldman EC (eds). 
Textbook of Veterinary Internal Medicine. 4th ed. Philadelphia, WB Saunders, 1995, p 918, with 
permission.) 
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coronary artery), which encircles the stenotic right 
ventricular outlet and valve and probably contributes 
to the embryogenesis of the obstruction (Fig. 24-3). 

Other forms of PS have been described. Supravalvu- 
lar stenosis is quite uncommon in animals. It is perhaps 
most often observed in giant schnauzers. Rarely, a true 
subvalvular partitioning of the right ventricular inlet 
and outlet is produced by fibromuscular or muscular 
bands, a condition that has been referred to as double- 
chambered right ventricle (Fig. 24-4). © 

Concurrent tricuspid valve malformation may be 
present, particularly in larger breeds. The distinction 
between mild dysplasia and secondary changes in the 
valve apparatus resulting from hypertrophy and valve 
thickening is not always clear. 


HISTOLOGIC FEATURES. Thickening of the valve spongi- 
osa and bands of fusiform cells present in a dense 
collagen network are observed. These changes repre- 
sent over-production of normal valve elements or a 
failure of conversion of the cushion-like embryonic 
valve primordia. Blood-filled spaces and endothelium- 
lined spaces are also found in one or more cusps of 
affected dogs. 


PATHOPHYSIOLOGY 


The pathophysiology of PS is summarized in Figure 
24-5. Obstruction to right ventricular outflow causes 
an increase in ventricular systolic pressure (RVSP), 
leading to right ventricular hypertrophy (RVH), left- 
ward septal deviation or flattening, and a systolic pres- 
sure gradient across the pulmonary valve. High-velocity 
and turbulent flow about the stenosis is associated with 


a systolic ejection murmur and poststenotic dilation of 
the main pulmonary artery (PA). Increasing stiffness 
of the right ventricle is responsible for the vigorous 
atrial contraction (a wave) that may be evident in the 
jugular venous furrow. Diminished right ventricular 
coronary blood flow has been documented in dogs 
with PS.® Critical stenosis limits cardiac output. If right 
atrial pressures become markedly elevated, right-sided 
congestive heart failure develops. Progressive right 
atrial enlargement probably results from various fac- 
tors, including outflow obstruction, elevated ventricu- 
lar diastolic pressure and diastolic dysfunction, second- 
ary tricuspid regurgitation caused by high systolic 
pressure and geometric changes within the ventricle, 
and decreased cardiac output with compensatory re- 
tention of sodium and water. 


CLINICAL FINDINGS 


SIGNALMENT. Pulmonic stenosis is common in certain 
breeds, including the beagle, Samoyed, Chihuahua, 
English bulldog, miniature schnauzer, Labrador re- 
triever, mastiff, chow-chow, Newfoundland, basset 
hound, and other terrier and spaniel breeds (see Ta- 
bles 23-8; 24-1). 34 


CLINICAL SIGNS. Dogs with PS may be asymptomatic; 
develop signs related to low cardiac output, such as 
syncope and tiring; manifest right-sided congestive 
heart failure®; or develop hypoxemia from right-to-left 
shunting across an atrioventricular septal defect or 
patent foramen ovale.” Clinical signs are more likely 
in dogs older than 1 year. 


FIGURE 24-3 


Pulmonic stenosis related to an anomalous coronary artery. (A) Right ventricular angiocardiogram 
from a dog demonstrates an asymmetric filling defect along the cranial aspect of the ventricular 
outlet. This corresponds to the location of the abnormal coronary vessel. (B) Comparison of normal 
origin versus anomalous single origin of the coronary arteries. (From Buchanan JW. Pulmonic 
stenosis caused by single coronary artery in dogs: Four cases (1965-1984). J Am Vet Med Assoc 


196:115-120, 1990, with permission.) 
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FIGURE 24-4 


Double-chambered right ventricle. (A) Angiocardiogram from a dog showing irregular narrowing 
just proximal to the origin of the right ventricular outlet. The pulmonary valve is normal. (B) 
Echocardiogram demonstrating a ventricular obstruction (arrow) at the origin of the right ventricular 
outflow tract (RVOT). The atrial septum is not visualized in this image. RA, right atrium; LA, left 


atrium; AO, aorta; MPA, main pulmonary artery. 


PHYSICAL EXAMINATION. Findings may include a promi- 
nent jugular pulse; left basilar ejection murmur over 
the pulmonic valve that radiates to the left craniodorsal 
cardiac base; and palpable right ventricular hypertro- 
phy (right-sided heave). It is not uncommon to auscul- 
tate a holosystolic murmur of tricuspid regurgitation 
over the right hemithorax. 


ELECTROCARDIOGRAPHY. Right ventricular enlarge- 
ment is often evident (Fig. 24—6; see also Figure 6-15). 
These ECG criteria are described in chapter 6. 


RADIOGRAPHY. Right-sided cardiomegaly is usually 
present (Fig. 24-7; see also Figures 7-10, 7-12). Addi- 
tional radiographic features include poststenotic dila- 


FIGURE 24-5 


Pathophysiology and genesis of clinical findings in 
pulmonic stenosis (see text for details). (From Bonagura 
JD (ed). Cardiology, New York, Churchill Livingstone, 
1987, with permission.) 


tion of the main pulmonary artery (Figs. 7-12; 24-7), 
variable dilation of the proximal left pulmonary artery, 
and pulmonary underperfusion.** 56 


CARDIAC CATHETERIZATION. Findings usually include a 
systolic pressure gradient across the obstruction, ele- 
vated right ventricular end-diastolic pressure, and an 
elevated right atrial a wave. General anesthesia can 
markedly depress the pressure gradient compared with 
the unanesthetized state. 

Angiocardiography is especially useful for surgical 
cases, and usually delineates the valvular obstruction 
and secondary changes in the ventricle and pulmonary 
artery. Angiocardiographic abnormalities include nar- 
rowed valve orifice; dysplastic pulmonary valves; right 


dilated PA 


PULMONIC 
STENOSIS 


septal flattening 
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ventricular hypertrophy; secondary dynamic muscular 
obstruction of the right ventricular infundibulum; en- 
largement of the right coronary artery; and postste- 
notic dilation of the pulmonary artery. Other coronary 
anomalies may be evident and influence the course of 
therapy as described later (see Figure 24-3). Angio- 
graphic features of pulmonic valve dysplasia consist of 
any combination of the following: narrowing at the 
immediate base of the valve sinuses, asymmetric valve 
sinuses, hypoplasia of the annulus or a valve sinus, 
thickening of individual valve leaflets producing a lu- 


FIGURE 24-7 


FIGURE 24-6 


Electrocardiogram from a female 
basset hound with pulmonic 
stenosis. Right ventricular 
hypertrophy is evident, with axis 
deviation to the right (strongly 
positive leads III and aVR) and 
prominent S waves, indicating 
terminal craniodextrad activity, 
in leads I, II, and aVF. 


cent filling defect, narrowing of the dye column with 
a central or asymmetric jet of contrast observed within 
a narrowed valve orifice, or systolic valve doming (indi- 
cating commissure fusion) (Fig. 24-8; see also Fig. 
9-12). Rarely, subvalvular, infundibular, or supraval- 
vular stenoses occur. 


ECHOCARDIOGRAPHY. Typical features include hyper- 
trophy of the right ventricle, with increased promi- 
nence of the papillary muscles; secondary muscular 
narrowing of the right ventricular outflow tract in most 


(A) and (B) Radiographs from a fox terrier with pulmonic stenosis. There is rounding of the right 
ventricular border and dilation of the main pulmonary artery on both views (arrows). Pulmonary 


vascularity is reduced in the cranial lung lobe vessels. 


cases; increased echogenicity of the pulmonary valve; 
and dilation of the main pulmonary artery (Fig. 24-9; 
see also Figure 8-20 and Color Plate 3). The pulmo- 
nary valve annulus may be hypoplastic or normal in 
size. Discrete subvalvular obstruction is uncommon. 
Doppler studies reveal increased blood velocity across 
the stenosis and turbulence in the pulmonary artery 
(see Figure 8-5A). Quantification of the outflow veloc- 
ity can be used to estimate the right ventricular to 
pulmonary artery pressure gradient by the Bernoulli 
principle (chapter 8). A prominent tricuspid valve a 
wave may also be recorded. 


GRADING OF LESION SEVERITY. This can be based on right 
ventricular systolic pressure and the pressure gradi- 
ent. Unlike the invasively measured gradient re- 
corded in the anesthetized patient during catheteriza- 
tion, gradients estimated from Doppler studies can be 
obtained in awake or lightly sedated animals. Anesthe- 
sia significantly depresses pressure gradients; there- 
fore, gradients measured by Doppler are generally 
preferable. As a general rule, Doppler gradients are 40 
to 50 percent higher than the catheterization gradient 
measured in an individual dog.’ The degree of steno- 
sis can be graded arbitrarily by Doppler as: 


e Mild (Doppler gradient up to 49 mmHg), 

* Moderate (Doppler gradient of 50 to 100 mmHg), 
or 

e Severe (Doppler gradient greater than 100 mmHg). 


Some cardiologists use 80 mmHg as a delineation for 
“severe” stenosis. Other frequent findings at catheter- 
ization include elevated right ventricular end-diastolic 
pressure and a prominent atrial a wave. 


CONCURRENT PULMONIC VALVE 
INSUFFICIENCY 


Pulmonic valve insufficiency (PI) is an uncommon 
abnormality that has been observed in basset hounds, 
beagles, and other breeds.” 7! Abnormal development 
of valve leaflets or dilation of the pulmonary artery 
annulus has been observed in pups with congenital 
PI. The affected valve is usually mildly to moderately 
stenotic as well. This defect must not be confused with 
PDA, in which the murmur may be similar but the 
supporting electrocardiographic and radiographic 
findings are quite different.** ** °° 

The combination of mild stenosis and moderate- 
to-severe valve insufficiency leads to right ventricular 
dilation. Heart failure can develop in severe PI in- 
duced experimentally in dogs; however, we have ob- 
served dogs that have lived for more than 5 years with 
substantial pulmonary insufficiency caused by valvular 
dysplasia. Differential considerations for pulmonic in- 
sufficiency include pulmonary hypertension, surgery, 
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balloon catheter dilation, and stretching of the main 
pulmonary artery in dogs with PDA. 

Clinical features include variable systolic (due to 
increased flow or concurrent stenosis) and diastolic 
murmurs. Enlargement of the main pulmonary artery 
and right ventricle may be evident on thoracic radiog- 
raphy. The ECG may show right ventricular enlarge- 
ment. Angiography documents regurgitation in excess 
of that expected from the catheter and slow clearance 
of contrast from the dilated right ventricle (Fig. 24- 
10). Echocardiography may show diastolic fluttering of 
the tricuspid valve if the regurgitant jets strike the 
atrioventricular valve. Doppler studies document PI 
and can detect pulmonic stenosis or pulmonary hyper- 
tension when present (see Figure 8-4A). The diastolic, 
regurgitant PI jet will be of high velocity (>2.5 m/s) 
when there is pulmonary hypertension. 


NATURAL HISTORY 


The natural history depends on lesion severity. Dogs 
affected by mild and even moderate PS may live nor- 
mally. Animals with moderate-to-severe stenosis may 
develop complications, including exertional syncope, 
cardiac arrhythmias, secondary tricuspid regurgitation, 
atrial fibrillation, congestive heart failure, and sudden 
death. Although systolic pressure gradients are not 
always predictive of clinical outcome, we have found 
a general correlation between pressure gradient and 
survival. When an ASD, patent foramen ovale, or VSD 
coexists with PS, the potential for right-to-left shunting, 
hypoxemia, and polycythemia exists.” 


CLINICAL MANAGEMENT 


Affected dogs should not be bred. If significant ra- 
diographic, ECG, and echocardiographic changes are 
evident, or if the patient has clinical signs of disease, 
the pressure gradient should be determined by Dop- 
pler echocardiography. The pressure gradient for which 
an operation should be recommended cannot be 
stated with certainty. However, the dog with a Doppler 
gradient of greater than 100 mmHg should be consid- 
ered as a surgical or balloon valvuloplasty candidate. 

If surgery is delayed in a dog with moderate-to- 
severe stenosis, the patient should be re-evaluated in 
3 to 6 months. Over time, progressive infundibular 
hypertrophy can produce additional obstruction, and 
tricuspid regurgitation may worsen. Moreover, hy- 
pertrophy and fibrosis can lead to diastolic dysfunction 
that can induce elevated right atrial pressures and 
right-sided congestive heart failure (CHF) (Fig. 24- 
9D). 


Surgery 


A number of surgical procedures have been advo- 
cated for the treatment of severe PS.*.* © 72-78 Valvu- 
lotomy, partial valvulectomy, patch-grafting over the 
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outflow tract, and conduits are most popular. Of criti- cular hypertrophy, we recommend that a patch-graft 
cal concern is the nature of the subvalvular muscular technique be employed in cases of valve dysplasia with 
hypertrophy (Fig. 24-8). If this is severe, simple valvu- significant subvalvular muscular hypertrophy. 


lotomy may not be adequate to relieve obstruction. 
Moreover, valve dilation (Brock or balloon catheter 
dilation) can be initially successful but subsequently 
fail as a result of scarring. Thus, until more data are This technique is successful for some cases of valvu- 
available concerning postoperative regression of mus- lar stenosis, especially when the valves are thin and 


Balloon Catheter Dilation (Valvuloplasty) 


FIGURE 24-8. See legend on opposite page 
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TABLE 24-3 
Medical Therapy of Congenital Heart Disease 


Drug (Generic) Proprietary Drug Indications Usual Dose Dosing Interval 
Digoxin Lanoxin, Cardoxin Congestive heart failure (CHF); 0.005 mg/kg q 12h 
atrial fibrillation 
Furosemide Lasix CHF of any cause 1-4 mg/kg q 8-12 h 
Hydrochlorothiazide Aldactazide CHF; particularly unresponsive 2-4 mg/kg of combined q 12-24 h; can 
with spironolactone (25 mg/25 mg) edema or ascites product alternate with 
furosemide 
Enalapril* Enacard, Vasotec CHF due to left-to-right shunt; 0.25-0.5 mg/kg q 12-24h 
mitral regurgitation 
Hydralazine* Apresoline CHF due to left-to-right shunt; 1-2 mg/kg q 12h 
mitral regurgitation 
Propranolol Inderal Subaortic stenosis; atrial 0.5-1 mg/kg q8h 
fibrillation 
Atenolol Tenormin Subaortic stenosis; atrial 0.25-1 mg/kg q 12-24h 


fibrillation 


*Beware of arterial vasodilator drugs in the setting of fixed left ventricular outflow obstruction. 


fused and the annulus is not hypoplastic (Fig. 24- 
11).5*-' Since most cases of PS in the dog resemble 
atypical PS in children, the ultimate benefit of valvu- 
loplasty in dogs remains to be determined. A single 
right coronary artery should be considered a contrain- 
dication to balloon valvuloplasty and may require 
placement of a conduit from right ventricle to pulmo- 
nary artery. Many dogs develop transient or persistent 
right bundle branch block subsequent to balloon cath- 
eter dilation (Fig. 24-118). 


Medical Therapy 


When CHF or atrial fibrillation develops, the prog- 
nosis is poor. Medical stabilization with digitalis and 
diuretics (Table 24-3), should be accomplished prior 
to any surgical or catheter intervention. 


AORTIC STENOSIS 


Subvalvular aortic stenosis (subaortic stenosis, or 
SAS) is one of the most important congenital malfor- 
mations of the canine heart (see Table 23-7) and 
continues to frustrate breeders of many larger breeds. 


18,38, 82-88 Supravalvular stenosis is rare in dogs, although 
it has been described in the cat; and valvular aortic 
stenosis per se is quite uncommon. 

Canine subaortic stenosis is probably the most com- 
monly encountered congenital heart defect observed 
today in many veterinary hospitals, though it usually 
ranks second in frequency surveys. The current inci- 
dence has been estimated by Buchanan to represent 
between 22.1 and 34.6 percent of reported canine 
congenital heart disease.” In cats, aortic stenosis has 
been recognized only infrequently,” * 14% 22 89, 9° 

It is clear that SAS and perhaps valvular aortic steno- 
sis are propagated in breeds and families. The mode 
of inheritance is not that of a simple Mendelian trans- 
mission. Breeding studies in the Newfoundland estab- 
lished a genetic basis for the perpetuation of SAS.* '* 
The mode of transmission is most compatible with an 
autosomal dominant trait with modifying genes or a 
polygenic mechanism. 


LESIONS 


Data derived from colony studies in the Newfound- 
land dog® '* 343.87 are identical to the clinical features 


FIGURE 24-8 


Angiocardiograms obtained from dogs with pulmonic stenosis. (A) Angiocardiograms from two dogs 
with pulmonary valve dysplasia. Right, Following injection of contrast into the right ventricle, dye is 
funneled into a relatively small area in the region of the pulmonary valves (lower arrow) before it fills 
the main pulmonary artery (PA). Slight distortion of the pulmonary valve sinuses is evident (upper 
arrow), and there is marked thickening at the base of the valve sinuses. Left, thickening of the 
pulmonary valve cusp (arrows) is seen. Following the right ventricular injection, contrast funneled in 
a relatively narrow area of the pulmonary valve, surrounded the valve by filling the sinuses, and 
opacified the poststenotic dilation in the main pulmonary artery (PA). RV, right ventricle. 

(B) Pulmonic stenosis in the dog; secondary muscular obstruction due to pulmonic valve dysplasia. 
Left, Following injection of contrast into the right ventricle, narrowing is evident just below the 
pulmonary valves due to hypertrophy of the ventricular infundibulum (white arrow) and the 
supraventricular crest (black arrow). The pulmonary valve is dysplastic and the valve sinuses unequal 
in size (arrowheads). Note that in the later systolic frame (right), there has been marked attenuation of 
the subvalvular region as a result of dynamic muscular obstruction (arrows). 

(From Bonagura JD, Darke PGG. Congenital heart disease. In Ettinger SJ, Feldman EC (eds). 
Textbook of Veterinary Internal Medicine. 4th ed. Philadelphia, WB Saunders, 1995, p 921, with 


permission.) 
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FIGURE 24-9 


Echocardiograms obtained from dogs with pulmonic stenosis. (A) Image obtained from the short- 
axis view of the aorta demonstrates a thick (hyperechoic) pulmonary valve (PV). The valve was 
partially fused and did not open fully during systole. TV, tricuspid valve; RA, right atrium; RV, right 
ventricle; AO, aorta; MPA, main pulmonary artery. (B) Short-axis image recorded in systole, which 
demonstrates marked right ventricular hypertrophy (RVH is encompassed by the double arrows) and 
flattening of the ventricular septum. These findings suggest systemic pressures in the right 
ventricular lumen. RV, right ventricle; LV, left ventricle. 

(C) Continuous-wave Doppler echo recording demonstrating high-velocity tricuspid regurgitation 
from a bulldog with pulmonic stenosis, tricuspid incompetency, and congestive heart failure. The 
maximum regurgitant velocity of 5 m/sec is compatible with a right ventricular systolic pressure of at 
least 100 mmHg. Right ventricular to right atrial gradient = 4 X 5%, as estimated by the modified 
Bernoulli equation [pressure gradient (mmHg) = 4 X peak velocity (m/s)*]. (D) Severe diastolic 
dysfunction in a 5-year-old West Highland white terrier with congenital pulmonic stenosis. Pulsed- 
wave Doppler echo recording: Early diastolic filling velocity (lower arrow) is virtually absent. A high- 
velocity atrial contribution (A wave, upper arrow) is evident. This waveform would correspond to a 
giant a wave in the jugular pulse or in the atrial pressure tracing. Simultaneous ECG is recorded 


above. 


observed in other breeds with fixed anatomic SAS. 
The subvalvular obstruction may not necessarily be 
present at birth, but instead develops during the first 
3 to 8 weeks of life. This progression has significance 
relative to the identification of cardiac murmurs in 
pups of breeds known to be at risk for SAS. The 
condition is known to recur in children following “‘suc- 
cessful” operation and the lesion may be progressive in 
some dogs.” It is not uncommon to identify increased 
gradients in rapidly growing giant breed dogs affected 
with SAS. 


GROSS MORPHOLOGY. Subaortic stenosis in Newfound- 
land dogs has been graded in postmortem studies 


as follows'*: grade 1—the mildest form, consisting of 
“small, whitish, slightly raised nodules on the endocar- 
dial surface of the ventricular septum immediately be- 
low the aortic valve”; grade 2—a “narrow ridge of 
whitish, thickened endocardium” extending partially 
about the left ventricular outflow tract; grade 3—the 
most severe form, “a fibrous band, ridge, or collar 
completely encircling the left ventricular outflow tract 


just below the aortic valve” (Fig. 24-12). This ring is 


raised above the endocardium and extends to and may 
involve the cranioventral leaflet of the mitral valve and 
the base of the aortic valves. Auscultation and cardiac 
catheterization of dogs with grade 1 lesions failed to 
detect the postmortem lesion reliably, whereas grade 2 
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FIGURE 24-10 
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Pulmonic insufficiency in a basset hound with congenital pulmonary valve dysplasia (A) and (B). 
The contrast injection in the dilated main pulmonary artery results in marked opacification of the 
right ventricle. (From Bonagura JD, Darke PGG. Congenital heart disease. /n Ettinger SJ, Feldman 
EC (eds). Textbook of Veterinary Internal Medicine. 4th ed. Philadelphia, WB Saunders, 1995, p 


923, with permission.) 


lesions often were associated with soft cardiac mur- 
murs and only minimal systolic pressure gradients. The 
clinical implication of these findings is clear: although 
genetic coding for SAS may be carried by a dog, clini- 
cal detection may be difficult to impossible in mild 
cases, and genetic counseling may be fraught with 
error. Associated necropsy findings include concentric 
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FIGURE 24-11 


left ventricular hypertrophy and myocardial fibrosis, 
left atrial hypertrophy, and aortic arch abnormalities. 
It is not uncommon to observe concurrent mitral valve 
malformations in dogs with SAS.” Dynamic obstruc- 
tion also may be encountered.” 

Focal areas of myocardial infarction and fibrosis 
have been observed in conjunction with intramural 
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Right ventricular pressure before (A) and after (B) balloon catheter dilation of a stenotic pulmonary 
valve. (A) The right ventricular (RV) systolic pressure approaches systemic arterial pressure (A), 
indicating severe stenosis. There is also elevated end-diastolic right ventricular pressure indicating 
increased diastolic stiffness or incipient ventricular failure. (B) Following balloon catheter dilation, 
the right ventricular (RV) systolic pressure markedly decreases relative to the systemic pressure (A). 
Right bundle branch block has developed (B) as a consequence of the sudden increase in 
intraluminal right ventricular pressure that occurs during balloon inflation. Also note the depressant 
effects of anesthesia on the systemic pressures in both tracings. This effect must be considered in 
comparing pressure gradients obtained under anesthesia relative to those recorded in awake animals. 
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FIGURE 24-12 


Pathology of subvalvular aortic stenosis in the dog. (A) Severe congenital subaortic stenosis in a bull 
terrier that died of congestive heart failure. The opened left ventricle is markedly hypertrophied. A 
fibrous subaortic ring, through which the left ventricular stroke volume must pass, is evident in this 
dissection. (B) Specimen from a dog with subaortic stenosis. An extensive subaortic valvular fibrous 
ring (arrowheads) extends from the cranioventral mitral leaflet to the base of the aortic valve cusps. 

There is poststenotic dilation of the ascending aorta (Ao). The left auricle (LA) is indicated. There is 
marked left ventricular hypertrophy. (From Bonagura JD, Darke PGG. Congenital heart disease. In 

Ettinger SJ, Feldman EC (eds). Textbook of Veterinary Internal Medicine. 4th ed. Philadelphia, WB 


Saunders, 1995, p 924, with permission.) 


coronary arterial changes. Two-dimensional echocardi- 
ography may sometimes show bright, hyperechoic re- 
gions corresponding to severe, focal replacement fi- 
brosis (Fig. 24-13). Abnormal coronary flow has been 
measured, with diminished baseline diastolic flow and 
actual reversal of coronary flow during  systole.** *’ 
These changes have been suggested as the cause of the 
exercise-related ST-segment deviation and ventricular 
extrasystoles so often observed in severely affected 
dogs with SAS (Fig. 24-14). 


HISTOLOGIC FEATURES. The stenotic ring consists of 
loosely arranged reticular fibers, mucopolysaccharide 
ground substance, and elastic fibers. Discrete bundles 
of collagen and even cartilage are found in advanced 
lesions.'* Coronary circulation in dogs with SAS is 
abnormal. *’ Extensive intramural coronary artery 
pathology occurs, including intimal proliferation of 
connective tissue and smooth muscle, and medial de- 
generation. These changes presumably result second- 
ary to high ventricular wall tension. 


PATHOPHYSIOLOGY 


The clinical pathophysiology of SAS in the dog is 
summarized in Figure 24—15. Owing to ventricular out- 
flow obstruction, left ventricular systolic pressure in- 
creases, and a pressure gradient is detected across the 
outflow tract (see Fig. 24-1). Obstruction to ejection 
causes a late rising arterial pulse. High velocity and 
turbulent flow across the obstruction are associated 
with a systolic cardiac murmur and poststenotic dila- 
tion of the ascending aorta, aortic arch, and brachyce- 
phalic trunk. Left atrial hypertrophy develops as a 
consequence of the elevated left atrial pressure needed 
to fill the stiff, hypertrophied left ventricle. In some 
cases, a to-and-fro murmur of aortic stenosis/aortic 
regurgitation is evident (Fig. 24-16). Aortic regurgita- 
tion can be related to involvement of the valve leaflets 
with the fibrous ring, jet lesions leading to thickening 
of the valve leaflets, dilation of the ascending aorta, or 
bacterial endocarditis. Left ventricular hypertrophy 
and myocardial ischemia are responsible for changes 
in the QRS complex and ST-T segment (Fig. 24-14). 
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FIGURE 24-13 


Myocardial fibrosis in congenital subvalvular aortic stenosis. Short- 
axis, two-dimensional echocardiogram at the level of the papillary 
muscles, demonstrating a focal hyperechoic zone of tissue (arrow) 
at the tip of the cranioventral papillary muscle. This change is 
usually caused by extensive loss of myocardium with replacement 
by fibrosis. RV, right ventricle; LV, left ventricle. 


Critical SAS can lead to left-sided congestive heart 
failure from myocardial failure, increased ventricular 
stiffness, mitral regurgitation, atrial fibrillation, or a 
combination of these factors. More often, exertional 
syncope or sudden death is reported. Although the 
cause of these is undetermined, likely mechanisms 
include the development of myocardial ischemia and 
malignant ventricular arrhythmias. In addition, severe 
hypotension might result from exercise-induced in- 
creases in left ventricular pressure, activation of ven- 
tricular mechanoreceptors, and inappropriate brady- 
cardia or vasodilation. '* 


CLINICAL FINDINGS 


SIGNALMENT. Congenital SAS is most common in 
North America among larger breeds, including the 
Newfoundland, boxer, German shepherd, golden re- 
triever, and bull terrier (see Tables 23-7; 24-1). Other 
large breeds, such as the Rottweiler, Samoyed, and 
Great Dane, also may be overrepresented. 


FIGURE 24-14 


Ambulatory electrocardiogram 
recorded from a dog with 
congenital subaortic stenosis 
demonstrating ST-segment 
depression (especially evident in 
the upper trace) and ventricular 
extrasystoles (characterized by 
wide, bizarre QRS-T complexes) 
in a dog with aortic stenosis 
(simultaneous thoracic leads). 
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CLINICAL SIGNS. In pups with mild SAS, clinical signs 
are minimal.* Affected dogs are asymptomatic and 
have a soft-to-moderately intense ejection murmur that 
can easily be confused with a functional murmur, 
though it is most intense caudoventral to the location 
of most functional murmurs. Murmurs in dogs with 
mild cases of SAS, or in dogs with dynamic outflow 
tract obstruction, are best detected after a brief period 
of exercise.” More severely affected dogs may have 
with exertional tiring, rear limb weakness, syncope, 
or left-sided congestive heart failure. Sudden death, 
without premonitory signs, is common. 


PHYSICAL EXAMINATION. Recognition of severe SAS is 
not difficult. The ventricular outflow obstruction gen- 
erates an ejection murmur of variable intensity, and in 
some cases there is a soft, diastolic murmur secondary 
to incompetency of the aortic valve.” The murmur is 
most intense in the subaortic region (about the 4th 
intercostal space) and tends to radiate down the apex, 
up the carotid arteries, and even to the calvarium. 
Frequently, the systolic murmur is equally loud at the 
right cardiac base, presumably from radiation into the 
ascending aorta or from true valvular AS. As previously 
mentioned, SAS probably develops in the postnatal 
period; thus, the murmur may become increasingly 
prominent during the first months of life. We have 
noted an increasing number of dogs with both SAS 
and mitral regurgitation, but these murmurs can be 
somewhat similar in timing and point of maximal in- 
tensity and therefore can be difficult to distinguish. 
Other abnormalities can include an arterial pulse that 
is hypokinetic and tardy and a left ventricular apical 
impulse that is prominent from ventricular hypertro- 


phy. 


RADIOGRAPHY. The heart may be normal or indicate 
left ventricular and left atrial enlargement (Fig. 24— 
17). Poststenotic dilation of the aorta may result in 
widening of the mediastinum on the ventrodorsal view 
or loss of the cranial waist of the cardiac silhouette on 
the lateral view (see Fig. 7-14). Pulmonary circulation 
is normal unless pulmonary edema and venous conges- 
tion are present. When moderate-to-severe left atrial 
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dilation 


SUBAORTIC 
STENOSIS 


enlargement is present, intercurrent mitral regurgita- 
tion should be suspected. 


ECHOCARDIOGRAPHY. Echocardiographic imaging dem- 
onstrates left ventricular hypertrophy, a subvalvular fi- 
brous ring that can involve the mitral valve, and post- 
stenotic dilation of the aorta (see Figs. 8-19; 24-12, 
24-18, 24—19). 54. 9+9 Doppler studies from the subxi- 
phoid (subcostal) position are generally most accurate 
for quantifying increased velocity flow with turbulence 
beyond the stenosis (Fig. 24-20; see also Figs. 8-4; 
24-16). Doppler studies from the suprasternal notch and 
left apex can also be used to record the high-velocity 
systolic jet, and they may detect aortic regurgitation 
that is often inaudible during clinical examination (see 
also Color Plate 3). The left ventricular-to-aortic sys- 
tolic gradient can be estimated (in mmHg) from the 
peak left ventricular outflow velocity (m/s) using the 
modified Bernoulli equation, AP = 4V*, where AP = 
pressure gradient and V = peak velocity (see Figs. 8—4; 


FIGURE 24-16 


Continuous-wave Doppler echo recording from a dog with severe 
congenital subvalvular aortic stenosis and aortic regurgitation. 
Because a subcostal position was used, the systolic signal is negative 
and the diastolic, regurgitant signal is positive (AR). Calibration 
dots are 5 m/sec; 1 second. Estimated peak pressure gradient 
exceeds 160 mmHg. 


FIGURE 24-15 


Pathophysiology and genesis of clinical signs in 
congenital subaortic stenosis. See text for details. (From 
Bonagura JD (ed). Cardiology. New York, Churchill 
Livingstone, 1987, with permission.) 


24-1). In mild cases of SAS, subtle changes in the 
velocity spectra are detected. These include resting 
maximal velocities of between 1.7 and 2.2 m/sec, asso- 
ciated with spectral dispersion, and mild aortic regurgi- 
tation. In advanced cases of SAS, changes in velocity 
spectra are dramatic, and maximal Doppler gradients 
of greater than 100 to 125 mmHg are considered 
severe. Mitral regurgitation may also be detected when 
there is concurrent mitral valve dysplasia, involvement 
of the septal mitral valve leaflet in the subaortic ridge, 
or geometric changes in the hypertrophied left ventri- 
cle. The mitral inflow E wave to A wave ratio may be 
reversed, indicating ventricular diastolic dysfunction, 
most likely caused by left ventricular hypertrophy or 
myocardial ischemia.” 

Fixed obstruction in the left ventricular outflow tract 
may be complicated by dynamic obstruction related to 
an abnormal mitral valve and outflow tract morphol- 
ogy (Fig. 24-21). Systolic anterior motion of the mitral 
valve may be recognized on M-mode studies in cases of 
dynamic outflow tract obstruction. Some dogs, notably 
golden retrievers, exhibit isolated, dynamic outflow 
tract obstruction.** °? Cardiac murmurs or outflow tract 
pressure gradients may not be evident in affected dogs, 
unless provoked by exercise, infusions of catechol- 
amines, or prior extrasystoles. 


ELECTROCARDIOGRAPHY. The ECG is often normal or 
may indicate left ventricular hypertrophy in advanced 
cases.* ** °7 Either left axis deviation or increased R- 
wave amplitude in lead II with a normal frontal axis 
can be observed. Widening of the QRS is not uncom- 
mon. ST-T segment depression (Fig. 24-14) is com- 
patible with myocardial ischemia or left ventricular 
hypertrophy. Ischemia should be strongly suspected 
when exercise precipitates even greater ST-T change 
or ventricular arrhythmias. Holter (24-hour ECG) 
monitor studies often demonstrate exercise-induced 
ischemia or ventricular extrasystoles (Fig. 24-14). 
These changes are often, but not always, related to the 
severity of disease. 


FIGURE 24-17 
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Radiographs obtained from two dogs with clinically significant congenital aortic stenosis. (A) 
Dorsoventral view of a dog with supravalvular aortic stenosis and aortic regurgitation. Left ventricular 
and left atrial enlargement, as well as dilation of the ascending aorta and aortic arch, are evident. 
Pulmonary venous enlargement is present. (B) Right lateral view of a dog with subaortic stenosis, 
secondary mitral regurgitation, and left-sided congestive heart failure. Widening of the cranioventral 
mediastinum related to poststenotic dilatation is evident. Left atrial dilatation in aortic stenosis 
usually stems from ventricular diastolic or systolic failure, mitral regurgitation, mitral stenosis, a 
concurrent left-to-right shunt, or atrial fibrillation. Progressive left atrial dilation often precedes the 


development of congestive heart failure. 


CARDIAC CATHETERIZATION. Findings include a systolic 
pressure gradient across the obstruction and, gener- 
ally, an elevation of ventricular diastolic pressure (Fig. 
24-21; see also Figs. 24-1, 24-20). The pressure gradi- 
ent in an individual dog is depressed by general anes- 
thesia to approximately 40 to 50 percent of that mea- 
sured in the unanesthetized state. Whereas Doppler 
and catheterization gradients are similar when re- 
corded in the anesthetized dog (Fig. 24-20), the Dop- 
pler measured gradient will be greatest and most 


FIGURE 24-18 


M-mode echo recording at the ventricular level of a 
dog with congenital subaortic stenosis. Hypertrophy 
of the ventricular septum (/VS) and left ventricular 
wall (LVW), with systolic anterior motion of the mitral 
valve (arrow) are evident. The latter finding is 
compatible with a dynamic component of obstruction 
(see text for details). 


representative because it can be recorded in the un- 
anesthetized state. This is the method we use to assess 
severity of a fixed obstruction. Maximal Doppler gradi- 
ents of greater than 100 to 125 mmHg are consid- 
ered severe. 

The left ventriculogram outlines a relatively small 
ventricular cavity and illustrates the subvalvular ob- 
struction, poststenotic dilation, and other intercurrent 
problems like mitral regurgitation (Fig. 24-22; see also 
Fig. 9-12D). The obstructive lesion is most evident in 
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FIGURE 24-19 

Two-dimensional echocardiogram of a dog with congenital 
subaortic stenosis demonstrates a discrete subvalvular ridge (arrow) 
and poststenotic dilation of the aorta (AO). LA, left atrium; LV, left 
ventricle. 


the ventral aspect of the outflow tract viewed on the 
lateral projection. A supravalvular aortic injection will 
rule out aortic insufficiency. The left coronary artery 
and its major extramural branches are often noted to 
be prominent, likely in response to increased oxygen 
demand. 


NATURAL HISTORY 


Severe SAS is a discouraging condition, since most 
dogs either die suddenly or develop congestive heart 
failure. Clinical examination in an asymptomatic dog 
cannot reliably predict the severity of the stenosis, 
though a long, loud, late-peaking ejection murmur 
and attenuated pulses suggest significant SAS. Mitral 
regurgitation, mitral stenosis, aortic regurgitation, aor- 
tic valve endocarditis, and atrial fibrillation cause addi- 
tional complicating factors increasing morbidity and 
mortality. Medical therapy of CHF, endocarditis, or 
atrial fibrillation may be beneficial in some dogs. Con- 
gestive heart failure is particularly likely in dogs with 
intercurrent mitral valve malformation or severe aortic 
regurgitation. 


rm a 


Post-balloon 


Pre-balloon 


Echocardiography (with Doppler) or cardiac cathe- 
terization is usually required to confirm the severity of 
the condition. An ECG, Holter monitor, and chest 
radiograph should be obtained from dogs with severe 
SAS. Dogs with minimal ventricular hypertrophy, mild 
ventricular outflow obstruction, and a maximal Dop- 
pler pressure gradient of less than 75 mmHg are likely 
to be relatively normal pets. Dogs with Doppler gradi- 
ents exceeding 100 to 125 mmHg are prone to develop 
complications or sudden death. Bacterial endocardi- 
tis** is a risk to dogs with even mild-to-moderate gradi- 
ents. 


AORTIC REGURGITATION 


Aortic regurgitation (AR) is being recognized with 
increasing frequency as a complication or concurrent 
problem of subvalvular or valvular aortic stenosis, as 
well as other defects such as ventricular septal defects 
(discussed later).** °° Isolated congenital AR is rare. 
Aortic regurgitation may also develop as a complica- 
tion of balloon catheter dilation or bacterial endocar- 
ditis, and with tetralogy of Fallot. 

A diastolic murmur, heard best over the left hemi- 
thorax, is typical of moderate-to-severe AR. The diag- 
nosis is supported by palpation of a hyperkinetic arte- 
rial pulse. More often, AR is inaudible but can be 
documented by angiocardiography or Doppler echo- 
cardiography (Fig. 24-16). Fine diastolic flutter of the 
mitral valve may be evident on M-mode echo re- 
cordings as the regurgitant jet of aortic insufficiency 
strikes the cranioventral mitral valve leaflet (see Fig. 
8-12D). 


CLINICAL MANAGEMENT 


Dogs with mild-to-moderate SAS, as determined by 
detailed investigation, are treated normally but should 
not be used for breeding. Prophylaxis for bacterial 
endocarditis is prudent in appropriate circumstances. 
Dogs with moderate-to-severe SAS should have re- 
stricted exercise. 


FIGURE 24-20 


Catheterization and Doppler demonstration of 
pressure gradients in subvalvular aortic stenosis (also 
see Figure 24-1). Simultaneous pressure and 
continuous-wave Doppler studies obtained from a dog 
before and after catheter balloon dilation of the 
subvalvular ridge. Note the reduction in the pressure 
gradient and intercurrent decrease in peak aortic 
flow velocity following the intervention. 
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FIGURE 24-21 


Simultaneous left ventricular (LV) and aortic (Ao) ae 
pressure tracings from two dogs with dynamic (A) 
and fixed (B) LV outflow tract obstructions. With 
dynamic obstruction (A), the LV and Ao pressure 
traces diverge later in systole, and the maximal 
gradient occurs during the descent of the aortic 
pressure tracing. In contrast, with fixed obstruction 
(B), the LV and Ao pressure tracings diverge early, 100 
and the maximal gradient occurs during the blunted 

upstroke of the aortic pressure tracing. In both dogs, 

the pressure gradient increases (solid arrows) following 

a premature contraction (open arrows). However, this 

phenomenon is more pronounced in the dog with 

dynamic obstruction. (Courtesy of Dr. David Sisson, 

University of Illinois.) 


FIGURE 24-22 


(A) Angiocardiogram from a cat with congenital subaortic stenosis and patent ductus arteriosus. 
Following injection of contrast into the left ventricle, a subvalvular obstruction (white arrow) is evident 
beneath the aortic valve. A large ductus arteriosus (black arrow) is evident and results in shunting of 
dye from the descending aorta into the main pulmonary artery. An esophageal stethoscope is noted 
in the dorsal thorax. (B) The canine study reveals a hypertrophied left ventricle with indentation of 
the papillary muscles into the lumen, a triangular subvalvular obstruction, and poststenotic dilatation 
of the ascending aorta and brachiocephalic trunk. There is also mitral regurgitation that outlines a 
dilated left atrium. (From Bonagura JD, Darke PGG. Congenital heart disease. /n Ettinger SJ, 


Feldman EC (eds). Textbook of Veterinary Internal Medicine. 4th ed. Philadelphia, WB Saunders, 
1995, p 904, with permission.) 
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Surgery 


Surgery has been employed to dilate, resect, or by- 
pass the obstruction. However, such surgery has thus 
far been performed infrequently. !0010% 103a, 103b 


Balloon Catheter Dilation (Valvuloplasty) 


Balloon catheter dilation of the subaortic area has 
been used to reduce the severity of obstruction (Fig. 
24-23).!°* In our experience in using this technique, 
an approximate 50 percent decrease in the gradient at 
the time of the procedure is typical (Figs. 24—20B, 
24-24); however, in some dogs, this benefit attenuates 
over time. Nevertheless, this procedure merits consid- 
eration and further study because it can be done with 
very low mortality and morbidity. 


Medical Therapy 


Empiric medical therapy has been used in dogs with 
SAS (see Table 24-3). We prescribe beta-adrenergic 
blocking drugs, such as propranolol or atenolol, to 
dogs with a history of syncope (without CHF); with 
gradients of greater than 125 mmHg; or with signifi- 
cant ST-T changes or frequent ventricular extrasystoles 


FIGURE 24-23 


noted on a postexercise or Holter ECG. Beta-adrener- 
gic blockade can decrease maximal exercise heart rate, 
reduce ST-segment deviation, and decrease the overall 
frequency of ventricular extrasystoles, as well as de- 
crease myocardial oxygen demand. However, the over- 
all value of beta-blockade or calcium channel antago- 
nists on clinical signs or longevity is unproved. 

Should CHF develop, medical therapy with digoxin, 
furosemide, dietary sodium restriction, and nitrates is 
initiated. Low doses of angiotensin converting enzyme 
inhibitors may be prescribed, but any arterial vasodila- 
tor drug must be used with great caution in the setting 
of fixed outflow tract obstruction (chapter 12). 


COARCTATION OF THE AORTA 


Anomalies of the aorta that result in left ventricular 
outflow obstruction, in contrast to the situation in 
children, are rare in dogs and cats. Coarctation of the 
aorta is characterized by narrowing of the aorta distal 
to the subclavian artery, usually adjacent to the ductus 
arteriosus.” One reported case showed systolic and 
diastolic murmurs and left ventricular failure. Clinical 
features of coarctation in children are well described 
and in many ways are similar to this case." 


iii 
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Catheter balloon dilation of a congenital subvalvular stenosis in a dog. A balloon-dilation catheter 
has been placed over a guide wire and centered within the left ventricular outflow tract. (The other 
catheter is positioned in the right side of the heart and proximal pulmonary artery.) (A) Partial 
inflation of the balloon demonstrates the ‘‘waist’’ of the stenotic ring. (B) Full inflation is evident. 
This intervention may partially relieve the obstruction by tearing portions of the subvalvular ridge. 
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FIGURE 24-24 
Results of balloon catheter dilation of subaortic stenosis on the 
maximal, instantaneous pressure gradients measured by Doppler 
echocardiography in 18 consecutive canine cases over a 6-month 
follow-up. Average pressure gradient (+/— SD) for the group is 
shown. 


Tubular hypoplasia of the ascending aorta'” and aortic 
interruption”? also have been described in dogs. These 
lesions represent more extreme examples of obstruc- 
tive malformation of the aorta with ventricular outflow 
obstruction. Definitive diagnosis usually requires angi- 
ography, though magnetic resonance imaging (MRI) 
and CT scanning are effective methods for evaluating 
lesions of the aortic arch. Surgical correction has been 
successful in affected dogs. 


LESIONS CAUSING SYSTEMIC- 
TO-PULMONARY SHUNTING 


ATRIAL SEPTAL DEFECTS 


DEVELOPMENTAL ANATOMY 


During cardiac development, the atria and ventricles 
are joined as a common chamber. The common atrio- 
ventricular canal is partitioned by growth of cardiac 
septa, resulting in the four-chambered heart (chapter 
1). The atria are partitioned by septum I (primum) 
and septum II (secundum); the latter develops to the 
right of septum I (see Fig. 1-3). The foramen ovale, 
the slitlike passageway for blood that persists between 
these septa, permits right-to-left atrial shunting in the 
fetus, but closes functionally and anatomically in the 
neonate once left atrial pressure increases. Eventually, 
the lower atrial septum is connected to the upper 
ventricular septum by growth and differentiation of 
the endocardial cushions. 
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PREVALENCE. Defects in atrial septa I and II or malde- 
velopment of the endocardial cushions causes paten- 
cies of the atrial!* % % 5% 109-116 or atrioventricular* * 1!” 
septum. In the cat this is relatively common, compris- 
ing about 9% of congenital heart defects.” In the dog 
it is encountered sporadically,” ** ** 3 with a frequency 
of 0.7 percent in a national data base. A precise genetic 
basis of disease has not been determined for either 
species. 


LESIONS 


GROSS MORPHOLOGY. An atrial septal defect (ASD) 
can be classified according to location of the malfor- 
mation." Defects of the septum located within the 
fossa ovalis caudal to the intervenous tubercle are 
called an ostium (or septum) secundum defect (see Figure 
8-2). Patency of the lower atrial septum represents 
an ostium primum defect (Fig. 24-25; see also Color Plate 
6). The rare sinus venosus defect is found dorsocranial 
to the fossa ovale? (Figs. 24—25, 24-26; see also Figs. 
1-3; 8-3 and Color Plate 5). Patent foramen ovale is 
not a true ASD inasmuch as the septa are anatomically 
formed; however, if the septa do not seal, the foramen 
may be pushed or stretched into an open position.” 
Thus, the principal significance of patent foramen 
ovale pertains to right-to-left shunting that may de- 
velop in animals with elevated right atrial pressures. 

The ostium primum ASD is often very large, and 
this defect can contribute to a more complex and 
variable atrioventricular septal defect or endocardial cushion 
defect, so named because the endocardial cushions nor- 
mally partition the fetal atrioventricular canal (Color 


FIGURE 24-25 


Gross pathologic specimen containing two atrial septal defects in a 
cat. The right atrial free wall has been removed to demonstrate a 
secundum (upper) defect caudal to the intervenous tubercle and a 
larger ostium primum defect within the ventral atrial septum. 
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Plate 6). Complete endocardial cushion defects in- 
clude (1) a primum ASD, (2) a ventricular septal de- 
fect component, and (3) anomalous atrioventricular 


valves, !'8 


The latter often include a common septal 
leaflet that serves both ventricles.'* These severe mal- 
formations are also called atrioventricular septal defects, 
common atrioventricular canal, and canal defects, since the 
primitive atrioventricular canal never partitions and 
there is communication between all four cardiac cham- 
bers (Fig. 24-26).''7 The common. atrioventricular 
valve may contain clefts or notches, which predispose 
to valvular insufficiency. In some cases, lateral mal- 


FIGURE 24-26 


Atrial septal defects: echocardiographic anatomy. (A) Patent 
foramen ovale (arrowheads) in a dog with tricuspid valve 
malformation. The component portions of the atrial septum 
are present but have not fused because of the elevated right 
atrial pressures. Shunting in this case was from right atrium 
(RA) to left atrium (LA). The right ventricle (RV) and the left 
ventricle (LV) are indicated. (B) Ostium primum atrial septal 
defect (right panel) and tricuspid valve (TV) malformation in a 
Doberman pinscher. The atrial septal defect is located in the 
lower portion of the atrial Septum and is pointed out by a 
horizontal arrow. Bidirectional shunting was present in this 
case. LV, left ventricle; RA, right ventricle; RV, right ventricle 
(arrow in the RV points to the malformed tricuspid valve). 
The left panel is a black and white reproduction of a color 
Doppler echocardiogram that demonstrates a broad tricuspid 
regurgitation jet from the same image as the right panel. 


alignment of the atrial and ventricular septa may occur 
such that the annulus of one atrioventricular valve 
straddles both ventricles.!'* 


PATHOPHYSIOLOGY 


The pathophysiology of isolated secundum ASD is 
summarized in Figure 24-27. Shunting depends on 
(1) the caliber of the orifice (defects small enough 
to maintain a differential pressure between the two 
connected chambers are termed restrictive), and (2) 
the relative resistances in the systemic and pulmonary 


FIGURE 24-27 


ATRIAL SEPTAL 
DEFECT 


Pathophysiology and genesis of clinical findings in 
atrial septal defect (see text for details). (From 
Bonagura JD (ed). Cardiology. New York, Churchill 
Livingstone, 1987, with permission.) 


—— 


circulations.'* Typically, blood shunts from left-to-right. 
However, conditions that increase right atrial or ven- 
tricular pressures will retard left-to-right shunting and 
may lead to reversed (right-to-left) shunting. This can 
develop with severe pulmonic stenosis,” tricuspid atre- 
sia, tricuspid valve dysplasia (Fig. 24-26), or pulmonary 
hypertension. 

The heart with a large ASD should be considered to 
have a single common atrium from which blood flows 
preferentially across the atrioventricular path of least 
diastolic resistance. Since the right ventricular walls 
are thinner and more distensible, more blood enters 
the right than the left ventricle (Fig. 24-27). The 
resultant volume overload of the right atrium (RA), 
right ventricle (RV), pulmonary artery (PA), and pul- 
monary veins leads to enlargement of these structures 
(Fig. 24-28). The left atrium receives more blood, 
but this chamber usually enlarges only slightly as the 
increased return is shunted immediately into the 
lower-pressure right atrium. When significant left atrial 
enlargement does occur, the possibility of an endocar- 
dial cushion defect with concurrent mitral regurgita- 
tion should be entertained. 

Left-to-right shunting increases the hemoglobin oxy- 
gen saturation in the RA, RV, and PA. Although the 
low-velocity shunting of blood across the ASD does not 
cause a cardiac murmur, excessive transvalvular flow 
across the right-sided cardiac valves may generate mur- 
murs of relative pulmonic and tricuspid stenosis (Fig. 
24-29). Delayed closure of the pulmonic valve (and 
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early closure of the aortic valve) causes splitting of the 
second heart sound. Since the right side of the heart 
is volume overloaded, right ventricular failure may 
develop in advanced cases. Complete endocardial 
cushion defects with mitral regurgitation may lead to 
left-sided or bilateral congestive heart failure. The 
patient with a large atrial septal defect and left-to- 
right shunt may develop high pulmonary vascular resis- 
tance leading to pulmonary hypertension, a condi- 
tion termed Eisenmenger’s physiology (discussed later). 
Whether animals with ASD require the relatively long 
time for development of pulmonary hypertension 
noted in humans with secundum ASD is unknown." 


CLINICAL FINDINGS + 


SIGNALMENT. The condition may be more common in 
cats than in dogs. Breed predispositions for atrial sep- 
tal defects in dogs* are indicated in Table 24-1. The 
boxer is noted for prevalence of secundum defects. 


CLINICAL SIGNS. Animals with small, uncomplicated, 
restrictive lesions are asymptomatic. In advanced cases 
with severe lesions, congestive heart failure may be evi- 
dent. 


PHYSICAL EXAMINATION. The typical left-to-right atrial 
septal defect may be characterized by a soft-to-moder- 
ate-intensity systolic murmur. The systolic murmur of 
relative pulmonic stenosis is easiest to identify. It is 


FIGURE 24-28 


Ventrodorsal and lateral radiographs obtained from a dog with an 
endocardial cushion defect, mitral regurgitation, and significant left-to-right 
shunting at the atrial level. The right ventricle is somewhat rounded, and 
there is marked dilation of the main pulmonary artery (arrow) compatible 
with increased right ventricular and pulmonary flow. The lateral radiograph 
shows increased pulmonary vascularity with marked increases in the caliber 
of lobar pulmonary vessels. A dilated pulmonary vein (arrowheads) is 
indicated. This dog developed congestive heart failure. (From Bonagura JD, 
Darke PGG. Congenital heart disease. Jn Ettinger SJ, Feldman EC (eds). 
Textbook of Veterinary Internal Medicine. 4th ed. Philadelphia, WB 
Saunders, 1995, p 913, with permission.) 
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heard best over the pulmonary valve and radiates dor- 
sally into the pulmonary artery over the left, cranial 
cardiac base. When a systolic murmur of mitral regur- 
gitation is identified over the left apex, an endocardial 
cushion defect with cleft mitral leaflet should be con- 
sidered. Rarely, a diastolic rumble of relative tricuspid 
stenosis may be audible over the right hemithorax. 
Cyanosis is unexpected unless there is stenosis of a 
right-sided heart valve or pulmonary hypertension, 
in which case the second heart sound should be tym- 
panic. Differential diagnosis includes anomalous pulmo- 
nary venous return to the right atrium, which leads to 
functional circulatory disturbances similar to an 


ASD.!!9 


RADIOGRAPHY. In the typical ASD, the right atrial and 
ventricular volume overloading and secondary right 
ventricular hypertrophy should be evident by reviewing 
the thoracic radiograph and echocardiograph (Figs. 
24-26, 24-28). The main pulmonary artery may be 
dilated from increased flow or pulmonary hyperten- 
sion, and the pulmonary vascularity is increased (un- 
less there is elevated pulmonary vascular resistance). 
The left atrium is normal to slightly enlarged. Promi- 
nent left atrial enlargement suggests mitral insuffi- 
ciency from a cleft mitral valve. 


ECHOCARDIOGRAPHY. In addition to defining and con- 
firming the radiographic changes just described, the 
septal defect may be imaged as an area of abnormal 
sonolucency (see Figs. 8-2, 8-3). However, care must 
be taken not to overdiagnose atrial septal defects based 
on this finding alone, since normally, “echo dropout” 
occurs in the area of the fossa ovale. M-mode studies 
demonstrate paradoxic ventricular septal motion ow- 
ing to right-sided volume overload. Saline contrast 
echocardiography may traverse the defect when there 
is bidirectional shunting. Doppler studies are useful to 


FIGURE 24-29 


Phonocardiogram from a dog with atrial septal 
defect, demonstrating a systolic ejection murmur 
(m) and splitting of the second heart sound into 
aortic and pulmonic components. (Recording 
courtesy of Drs. David Smetzer and Robert L. 
Hamlin.) 


identify (1) abnormal blood flow through the defect, 
(2) increased transpulmonic or transtricuspid velocity 
secondary to increased blood flow, or (3) mitral insuf- 
ficiency. Quantitative Doppler studies can be used to 
estimate the shunt ratio (Qp:Qs), although the spectral 
dispersion and turbulence recorded in the main pul- 
monary artery are limitations of this technique.” 


ELECTROCARDIOGRAPHY. The ECG can be normal, or 
it can demonstrate right atrial or right ventricular en- 
largement (Fig. 24-30). Arrhythmias or intraventricu- 
lar conduction disturbances can occur.''' Right bundle 
branch block or a left cranial axis deviation has also 
been observed with ostium primum ASD and more 
complex atrioventricular septal defects. 


CARDIAC CATHETERIZATION. This can be used to diag- 
nose the condition, recognize concurrent lesions, and 
estimate the magnitude of shunting. The cardiac cath- 
eter often is advanced across septal defects since many 
are quite large. By measuring oxygen content in the 
venae cavae, cardiac chambers, and great vessels, 
shunting can be detected and the magnitude of sys- 
temic-to-pulmonary shunting estimated. Note, how- 
ever, that the shunt estimation will be affected by the 
variability of venous oxygen saturation found in the 
dog (see section on Cardiac Catheterization in this 
chapter). If CHF has developed, central venous, right 
atrial, and right ventricular diastolic pressures are in- 
creased. Right ventricular systolic pressure is either 
normal or elevated when there is pulmonary hyperten- 
sion or a large left-to-right shunt. High flow across the 
pulmonic valve causes “relative” pulmonic stenosis, 
identified in most cases by a pressure gradient of be- 
tween 5 and 20 mmHg. 

Angiocardiography is inferior to echocardiography 
for diagnosis. An injection of contrast material in the 
right ventricle or pulmonary artery will outline left-to- 


$ 
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FIGURE 24-30 


Electrocardiogram from a dog with atrial septal defect. The P waves are enlarged and widened, 
compatible with atrial dilatation with a prominent Ta wave (see chapter 6). An axis deviation in the 
frontal plane is evident, with depolarization oriented cranially and slightly to the right (note lead 
aVR); also, terminal forces (S wave) are prolonged, compatible with right ventricular conduction 
delay from right ventricular dilatation. Secondary T-wave changes are also evident. 


right shunting defects during the left-sided phase of 
the study. Following pulmonary venous return, the 
atrial septum usually can be seen between the left 
atrium and aorta on the lateral projection. Viewing 
this area for a jet of contrast or, more commonly, a 
“spilling-over” of dye across this wall into the right 
atrium, auricle, and venae cavae, permits shunt identi- 
fication. With endocardial cushion defects, a left ven- 
triculogram may outline a VSD, mitral regurgitation, 
and possibly left ventricular—to-right atrial shunting. 


NATURAL HISTORY 


The secundum type of ASD often is well tolerated. 
Primum defects or endocardial cushion defects, in our 
experience, are more likely to lead to right-sided or 
biventricular congestive heart failure or pulmonary 
hypertension. Should severe pulmonary vascular dis- 
ease develop, Eisenmenger’s physiology may occur (see 
later). Atrial fibrillation or other arrhythmias can com- 
plicate these conditions. The overall prognosis for cats 
with endocardial cushion defects is guarded to poor, 
as most cats develop severe cardiomegaly and die of 


congestive heart failure. If CHF occurs, life can be 
prolonged with medical therapy using overall manage- 
ment strategies similar to those for animals with ven- 
tricular septal defects. 


VENTRICULAR SEPTAL DEFECTS 


DEVELOPMENTAL ANATOMY 


The ventricular septum is formed by fusion of a 
number of primordial components (see Fig. 1-3). The 
fully developed ventricular septum consists of two gen- 
eral parts. One is a small, dorsal, membranous portion 
that forms part of the fibrous skeleton of the heart 
and is located between the right ventricular inflow 
and outflow tracts; the other is an extensive muscular 
septum that forms the inlet and outlet tracts of the 
ventricles, consisting of (1) the atrioventricular sep- 
tum, (2) inlet septum, (3) apical and cranial (outflow) 
“trabecular” septal segments, and (4) infundibular 
(outlet) septum (Fig. 24-31).''* Anomalous develop- 
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FIGURE 24-31 


Postmortem examples of ventricular septal defects in cats. Most 
ventricular septal defects connect the subaortic septum with the right 
ventricle adjacent to or just ventral to the tricuspid valve. (A) The right 
ventricle (left) and left ventricle (right) from a cat with a ventricular septal 
defect. The septal defect (arrow) has been partially covered by the 
tricuspid valve (TV) septal leaflet. The left ventricular aspect of the septal 
defect is evident as a large depression (arrowheads) that has been markedly 
diminished in size by the overlying tricuspid valve leaflet. Only a small 
hole is left for shunting of blood. This cat lived for a number of years 
with this defect. Prominence of the left ventricular moderator bands is 
also noted (lower arrow). Ao, aorta; PA, pulmonary artery; LA, left atrium. 
(From Bonagura JD, Darke PGG. Congenital heart disease. /n Ettinger SJ, 
Feldman EC (eds). Textbook of Veterinary Internal Medicine. 4th ed. 
Philadelphia, WB Saunders, 1995, p 911, with permission.) (B) Large 
subaortic, subpulmonic ventricular septal defect in a cat with 
Eisenmenger’s physiology. The main pulmonary artery is dilated from 
pulmonary hypertension. The right ventricle is markedly hypertrophied to 
meet the high pulmonary and systemic vascular resistances (see text for 
details of this condition). 


ment of any septal component may persist as a ventric- 
ular septal defect (VSD). 


PREVALENCE. The frequency of isolated VSDs in dogs 
with congenital heart disease is estimated to be about 
7%. 3 34 In cats,? the lesion has been observed in 
approximately 15 percent of those with congenital car- 
diac anomalies. The cause of most VSDs is unknown. 
Aside from its genetic basis in keeshonden with malfor- 
mations of the infundibular, conotruncal septum® ** 7° 
and the frequent occurrence of VSD in some breeds 
of dogs (Tables 23-9; 24-1), there are no consistent 
data about etiopathogenesis of spontaneous defects in 
dogs or cats. 


LESIONS 


Most VSDs are located dorsally or “high” on the 
ventricular septum and usually include a portion of 
the membranous septum (Figs. 24—31 to 24—34).° 36. 
8, 120-129 Tn contrast, ventrally or apically positioned 
defects of the muscular ventricular septum are uncom- 
mon in small animals. Defects of the atrioventricular 
septum were described previously with ASD. 


GROSS MORPHOLOGY. Ventricular septal defects may 
be classified according to location. The left ventricular 
location of the typical VSD is below the aortic valve. 
The right ventricular location of a VSD varies and is used 
to classify the defect, although the nomenclature is 


FIGURE 24-32 
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neither uniform nor simple.'* ''* A helpful system of- 
ten used in echocardiography involves recognizing sep- 
tal defects of the right ventricular inflow or outflow 
tracts. This is based on a short-axis tomogram and a 
right parasternal long-axis view that includes the aorta 
and the right ventricular inlet. The typical defect in 
small animals is perimembranous (or paramembra- 
nous) (see Figs. 8-17A; 24-32). Thus, most VSDs will 
be found adjacent to the septal leaflet of the tricuspid 
valve or just below the valve on the inlet septum. The 
defect may be partially occluded by this valve or by 
fibrous connective tissue that develops along the right 
ventricular surface. 

Defects are of varying size, but are often very large, 
and they may involve the infundibular (outlet) septum. 
Such defects are also termed “supracristal” (cranio- 
dorsal to the supraventricular crest), “subpulmonic” 
(below the pulmonic valve), or “‘subarterial.”” A VSD 
also may involve malalignment of components of the 
ventricular septum, a developmental aspect described 
previously (see Atrial Septal Defect) and later under 
Tetralogy of Fallot. Infundibular (subarterial) defects 
and large, perimembranous defects can predispose to 
prolapse of the right coronary cusp or the entire aortic 
root into the defect (Fig. 24-33). Because such pro- 
lapse can partially occlude the septal defect, aortic 
valve incompetency may develop as a complication.* * 
Rarely, defects may lie in the muscular ventricular 
septum (see Fig. 8-178). 


Perimembranous ventricular septal defects (VSD). (A) A left-to-right shunt (arrows) can be seen in 
this black and white reproduction of a color Doppler echocardiogram. The jet originates just ventral 
to the aortic root and is directed eccentrically toward the right ventricular apex. LVOT, left 
ventricular outflow tract; Ao, aorta; LA, left atrium; /VS, interventricular septum; RV, right ventricle; 
syst, systole. (B) Left ventricular angiocardiogram from another dog demonstrates a small, left-to- 
right shunting ventricular septal defect. Note the origin of the jet at the base of the aorta. 
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PATHOPHYSIOLOGY 


Left-to-right shunting develops as the pulmonary vas- 
cular resistance drops following birth. It has been dem- 
onstrated that with “high” ventricular septal defects, 
much of the shunt flow is pumped across the defect 
and immediately into the pulmonary artery, with 
variable volumes ejected into the right ventricular 
chamber.'*® 131 Thus, the left ventricle—not the right ven- 
tricle—does most of the additional volume work. Addi- 
tionally, as pulmonary flow increases, there is increased 
venous return to the left atrium and left ventricle, and 
the left ventricular diastolic pressure can increase. Left 
ventricular failure is likely when the left-to-right shunt 
is great (e.g., greater than 2.5:1, pulmonary to systemic 
flow). Even in small defects (e.g., Qp:Qs <1.5:1), the 
left heart will be enlarged since it carries up to 50 
percent more blood than normal (Fig. 24—35). 

The degree of right ventricular hypertrophy and the 
magnitude of left-to-right shunting depend on a variety 
of factors: size and location of the septal defect, pulmo- 
nary vascular resistance, and pulmonic valve function. 
Very large, unrestrictive defects cause the two ventri- 
cles to behave as a common chamber, so that ventricu- 
lar pressures equilibrate and substantial right ventricu- 
lar hypertrophy will be evident. Blood then follows 
the path of least resistance. If the pulmonary valve, 
pulmonary vascular resistance, and left-sided heart 
valves are all normal, tremendous shunting is likely to 


FIGURE 24-33 


Paramembranous ventricular septal defects (VSD) with prolapse of 
an aortic valve cusp. Two-dimensional echocardiogram from a 
springer spaniel demonstrates a large VSD with prolapse of an 
aortic cusp (arrow) into the defect. In this case, the aortic root was 
also malaligned, with the ventricular outlet septum producing 
some “‘overriding”’ of the aorta. AO, aorta; PA, pulmonary artery; 
LV, left ventricle; LA, left atrium. 


FIGURE 24-34 


Left ventricular angiogram from another dog with prolapse of an 
aortic valve into a ventricular septal defect (arrow). A portion of 
the right ventricle is opacified from left-to-right shunting. 


occur, and left-sided volume overload and CHF are 
expected consequences. Should pulmonary vascular 
resistance increase, then left-to-right shunting will be 
diminished and bidirectional shunting may be ob- 
served. In the animal with tetralogy of Fallot, the ste- 
notic pulmonic valve or outflow tract offers such great 
resistance that right-to-left shunting predominates. In- 
fundibular right ventricular hypertrophy leading to 
subpulmonic stenosis can develop as a complication of 
VSD in children, and a similar complication has been 
suspected in some small animals. 


CLINICAL FINDINGS 


SIGNALMENT. A number of canine breeds are predis- 
posed to VSD (see Tables 23-9; 24-1). Ventricular 
septal defects are among the most common cardiac 
malformations in the cat. 


CLINICAL SIGNS. Animals with small, uncomplicated, 
restrictive VSDs are generally asymptomatic. More ad- 
vanced or complex lesions may cause signs associated 
with their pathophysiology. 


PHYSICAL EXAMINATION. Clinical features of VSD are 
variable and related to the degree and direction of 
shunting. The cardinal sign of the left-to-right 
shunting, perimembranous (subcristal) lesion is a 
harsh, holosystolic murmur heard best along the cra- 
nial right sternal border.” '*° A systolic ejection mur- 
mur of relative pulmonic stenosis and, infrequently, 
splitting of the second heart sound may be evident at 
the left base. The murmur will be loudest over the left 
craniodorsal heart base when the communication is 


FIGURE 24-35 


Pathophysiology and genesis of clinical findings in 
ventricular septal defect (see text for details). (From 
Bonagura JD (ed). Cardiology. New York, Churchill 
Livingstone, 1987, with permission.) 


subpulmonic (supracristal). When a diastolic murmur 
of aortic regurgitation is present, prolapse of an aortic 
cusp should be suspected (Figs. 24-33, 24-34). Fea- 
tures of the atrioventricular septal defect were pre- 
viously discussed (see Atrial Septal Defect). 


RADIOGRAPHY. Thoracic radiographs are variable with 
VSD, but they usually demonstrate pulmonary overcir- 
culation, left atrial and ventricular dilation, and vari- 
able degrees of right ventricular enlargement (Fig. 
24-36) .° 7.38.43. 192 The main and lobar pulmonary arter- 
ies often are dilated. If the shunt is left to right, then 
peripheral pulmonary vascularity is increased. With 
cases of VSD and high-resistance pulmonary hyperten- 
sion, the main and proximal lobar vessels are often 
distended, but the peripheral vascular markings are 
scant. 


ELECTROCARDIOGRAPHY. Findings are also variable but 
may indicate left atrial enlargement, left ventricular 
dilation, and/or right ventricular hypertrophy. The 


FIGURE 24-36 


Lateral radiograph from an Irish setter with a left-to- 
right shunting ventricular septal defect (VSD). There 
is left ventricular and left atrial enlargement and 
prominent pulmonary vascularity. The radiographic 
features of VSD are quite variable, influenced by size 
and location of the defect and the pulmonary artery 
pressure. Accordingly, different degrees of left-sided, 
right ventricular, and pulmonary artery enlargement 
can be observed. 


tPulmonar 
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tvenous return 


L-R shunt 


VENTRICULAR 
SEPTAL DEFECT 


frontal plane leads often demonstrate abnormal early 
ventricular septal activation, characterized by a Q wave 
that is wide or contains high-frequency notching; this 
can be a subtle but helpful abnormality (Fig. 24-37). 
The presence of a right axis deviation with VSD often 
indicates a large defect with equilibration of ventricu- 
lar pressures, concurrent pulmonic stenosis, or pulmo- 
nary hypertension. 


ECHOCARDIOGRAPHY. In most cases echocardiography 
successfully delineates the defect (see Figs. 8-17; 24- 
32A). Both standardized and angled views should be 
evaluated to record the septal defect diameter maxi- 
mally and identify the right ventricular entry location. 
Dimensional increases typical of volume overloading of 
the left atrium and left ventricle are common findings. 
Occasionally, the RV wall is hypertrophied, even in 
the setting of a relatively restrictive VSD with normal 
pulmonary artery pressures. Doppler echo studies can 
identify the high-velocity jet of a restrictive VSD (Fig. 
24-38). Color-coded Doppler or saline contrast studies 
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Electrocardiogram from a dog with a ventricular septal defect. An intraventricular conduction 
disturbance, characterized by abnormally wide, deep, and notched Q-waves in the left and caudal 


leads, is not uncommon in this condition. 


(see Figs. 8-2, 8-3, and Color Plates 8 and 9) can be 
utilized to demonstrate shunting. The pressure drop 
across the defect can be estimated from the peak shunt 
velocity using the Bernoulli formula, AP = 4V”. Pro- 
vided there is no aortic stenosis, the right ventricular 
systolic pressure can be estimated noninvasively as fol- 
lows: measure the systolic arterial pressure using an 
oscillometric or Doppler flow device; calculate the 
pressure drop across the VSD; and subtract the pres- 
sure drop from the systolic arterial pressure.** Echocar- 
diographic data are useful in formulating a prognosis 
for the isolated defect. The following findings are gen- 
erally favorable for longevity: (1) maximal defect diam- 
eter from orthogonal planes using high-quality 2-D 
echocardiography less than 40 percent that of the 
aorta; (2) maximal velocity of the left-to-right shunt 
greater than 4.5 m/s; (3) estimated right ventricular 


systolic pressure less than 45 mmHg; (4) significant 
aortic regurgitation not evident. 


CARDIAC CATHETERIZATION. Cardiac catheterization 
and angiocardiography in cases of VSD document the 
anatomic lesions and estimate the degree of shunting. 
An oxygen step-up is recorded in the right ventricle. 
Left ventricular diastolic pressures are elevated with 
ventricular failure or severe diastolic overload. A sys- 
tolic pressure gradient across the pulmonic valve of 5 
to 20 mmHg, indicating relative pulmonic stenosis, 
is typical with left-to-right shunting VSD. Pulmonary 
hypertension and elevated right ventricular systolic 
pressure are detected in some cases. Since pulmonary 
hypertension can be caused by pulmonary vascular 
disease (Eisenmenger’s reaction), high Qp:Qs, left- 
sided CHF, or a combination of these factors, attention 


FIGURE 24-38 


Continuous-wave Doppler echocardiographic 
recording obtained from a dog with a left-to-right 
shunting ventricular septal defect. The shunt flow is 
toward the transducer, producing a positive, high- 
velocity signal. Slightly denser velocity spectra located 
closer to the baseline are caused by red blood cells 
flowing toward the defect. The highest velocities 
develop within and immediately distal to the defect. 
In this case, the peak velocity approximates 5 m/sec 
(estimated gradient, approximately 100 mmHg), 
indicating maintenance of the left-to-right ventricular 
pressure gradient and a “‘restrictive’’ lesion. 


must be directed to shunt estimation by oximetry, 
calculation of pulmonary vascular—to-systemic resis- 
tance ratio, and measurement of pulmonary capillary 
wedge pressure (see earlier; also chapter 9). 

The angiocardiogram (Figs. 24-32B, 24-34; see also 
Fig. 9-12.) may outline the defect as well as anatomic 
lesions or enlargements of the ventricles and great 
vessels. Aortic regurgitation may be observed following 
a supravalvular aortic injection. Associated defects 
such as subaortic stenosis, mitral valve dysplasia, pul- 
monic stenosis, and patent ductus arteriosus may occa- 
sionally be observed. 

Catheterization and angiographic findings favoring 
a good prognosis for life include: (1) Qp:Qs ratio less 
than 1:5; (2) normal pulmonary capillary wedge and 
left ventricular end-diastolic pressures; (3) normal or 
minimally elevated pulmonary artery pressures; (4) 
normal-to-minimally elevated pulmonary vascular resis- 
tance ratio; (5) absence of substantial aortic regurgita- 
tion; and (6) absence of concurrent malformations. 


NATURAL HISTORY 


Potential outcomes of a ventricular septal defect in- 
clude 


* Tolerance of the lesion by the patient, 

* Development of CHF; 

* Partial or complete closure of a VSD'®” by 
adherence of the septal tricuspid leaflet, right 
ventricular hypertrophy, aortic valve prolapse, or 
exuberant fibrous connective tissue that forms a 
ventricular septal aneurysm; 

e Progressive aortic regurgitation due to valve 

prolapse; 

Development of progressive subpulmonic and 

infundibular outflow obstruction; 

+ Development of pulmonary vascular disease and 

pulmonary hypertension’; and 

Reversal of the shunt with development of arterial 

hypoxemia and cyanosis.*® 77 


If heart failure is to occur, it is most likely to develop 
at the time resistance falls; therefore, most pups will 
develop CHF before 8 weeks of age. The reality is that 
such pups usually die before they are examined by a 
veterinarian, and those animals that survive to 4 
months are probably a biased population from which 
to judge the true prognosis of these lesions. It is more 
difficult to predict the survival of an older animal 
without additional studies. Detailed Doppler echocar- 
diographic studies and/or catheterization data, as de- 
scribed earlier, permit more accurate prognostication. 
The great majority of dogs that live to 6 months of age 
without clinical signs will survive for many years. 


CLINICAL MANAGEMENT 


Numerous methods are available to manage atrial 
and ventricular septal defects. Most small animals that 
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have survived through the vaccination series without 
clinical signs usually tolerate the defect and do not 
require therapy. 


Surgery 


Definitive treatment of symptomatic or severe lesions 
requires surgery using cardiopulmonary bypass.'** 1 
Pulmonary artery banding can be used to create supra- 
valvular pulmonary stenosis and decrease the magni- 
tude of left-to-right shunting.!™ '° This procedure is 
recommended only (1) when signs of left-sided conges- 
tive heart failure occur, or (2) with documented mod- 
erate-to-severe pulmonary hypertension caused by high 
flow and with a calculated pulmonary-to-systemic resis- 
tance ratio of 0:6 or less. Anemia should be avoided, 
since a low hematocrit leads to decreased pulmonary 
vascular resistance and increased shunting.'* 


Medical Therapy 


When left-sided CHF occurs, digoxin and furose- 
mide are indicated (see Table 24-3). Arterial vasodila- 
tors such as enalapril and hydralazine may be benefi- 
cial since they decrease systemic resistance and also 
decrease left-to-right shunting.'” The prognosis for 
Eisenmenger’s syndrome is very poor as discussed 
later. 


PATENT DUCTUS ARTERIOSUS 


DEVELOPMENTAL ANATOMY 


The ductus arteriosus is derived from the left sixth 
aortic arch. It shunts blood from the pulmonary artery 
to the descending aorta, an action that diverts flow 
from the collapsed fetal lung. Following parturition, 
the increase in oxygen tension leads to inhibition 
of local prostaglandins, causing functional closure of 
the ductus, followed by anatomic obliteration during 
the ensuing weeks of life. Initial closure, probably ac- 
complished by contraction of smooth muscle within 
the ductus,” decreases ductal flow dramatically within 
the first 12 to 14 hours of life. Although the ductus 
may be probe-patent in pups less than 4 days of age, it 
generally closes by 7 or 8 days postwhelping, with his- 


tologic studies suggesting even earlier closure.” 139 140 


PREVALENCE. This disorder has been extensively de- 
scribed in dogs and cats," 33 61, 139-158 Abnormal patency 
of the ductus is the most common defect in most 
surveys of canine congenital cardiovascular disease,” 
33.34 ranging in prevalence from about 25 to 32 percent 
of reported malformations (see also Table 23-6). Pa- 
tent ductus arteriosus (PDA) is far less common in 
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cats, with a reported frequency of about 11 percent of 
cases with congenital heart disease. 


LESIONS 


GROSS MORPHOLOGY. Failure of ductal closure (Fig. 
24-39) probably results from histologic differences 
within the wall of the ductus. Whereas the ductal wall 
contains a loose branching pattern of circumferential 
smooth muscle in normal pups, with PDA the wall 
more closely resembles that of the elastic aorta. The 
increasing genetic liability to PDA represents “exten- 
sion of the noncontractile wall structure of the aorta 
to an increasing segment of the ductus arteriosus, pro- 
gressively impairing its capacity to undergo physiologic 
closure.”’!° The simplest form of this malformation is 
the ductus diverticulum, a blind, funnel-shaped out- 
pouching of the ventral aspect of the descending aorta. 
Although this lesion can be recognized only by angiog- 
raphy or at necropsy, it represents the forme fruste of 
PDA and indicates that the dog possesses genes for 
this defect.” Increasing genetic liability results in PDA 
with left-to-right shunting, or the less common, but 
more severe, reversed PDA in which pulmonary hyper- 
tension develops, causing bidirectional or right-to-left 
flow through the ductus. Patent ductus arteriosus may 
also be identified in animals with complex forms of 
congenital heart disease and in some but not all cases 
of pulmonary atresia, in which, pulmonary flow may 
be supplied by the ductus or bronchial arteries.*° *) 
107. 160 The mode of transmission of PDA is polygenic,": 
*5, 159 and the condition is observed in many breeds 
(see Table 24-1). 


PATHOPHYSIOLOGY 


The pathophysiology of PDA is summarized in Fig- 
ure 24—40,'!° and modes of shunting are illustrated in 
Figure 24—41. Owing to the higher aortic than pulmo- 
nary blood pressure, blood shunts continuously into 
the main pulmonary artery. This results in a continu- 
ous cardiac murmur, increased pulmonary flow, and 
increased venous return to the left atrium and left 
ventricle. Volume overloading of the left side of the 
heart causes atrial dilatation, ventricular dilatation, 
and hypertrophy, and increases left ventricular dia- 
stolic pressure. If the luminal defect is large and the 
pulmonary vascular resistance relatively normal, left 
ventricular failure with pulmonary edema develops 
from volume overload. The left ventricular stroke vol- 
ume increases as a result of increased filling contribut- 
ing to an increased aortic systolic pressure. Aortic dia- 
stolic pressure is low owing to runoff of blood through 
the ductus. This causes a hyperkinetic, or water-ham- 
mer, arterial pulse. Increased volume flow in the aorta 
and pulmonary artery, combined with turbulence 
about the ductus, causes dilation of the aorta and main 
pulmonary artery. The right ventricle is spared unless 
there is pulmonary hypertension, in which case ven- 
tricular hypertrophy develops. 

In a small percentage of cases, the lumen of the 
PDA is so large that pulmonary vascular pressure and 
resistance markedly increase. In Patterson’s colony, this 
type of ductus was the most severe, and reversal of the 
shunt developed within the first months of life.** 15° 
This appears to fit the clinical picture in the dog, in 
which documentation of shunt reversal after 6 months 
of age is lacking.’ 157 16! Dogs and cats with reversed 
PDA exhibit high pulmonary vascular resistance, high 


FIGURE 24-39 


Persistent patent ductus arteriosus delineated by umbilical tape 
sutures. The ductus connects the descending aorta above with the 
pulmonary artery below. 


— 


FIGURE 24-40 


Pathophysiology and genesis of clinical findings in 
patent ductus arteriosus. See text for details. (From 
Bonagura JD (ed). Cardiology. New York, Churchill 
Livingstone, 1987, with permission.) 


(systemic) pressures in the right ventricle and pulmo- 
nary artery, decreased pulmonary flow, a small left 
ventricle, and hypertrophy of the right ventricle. This 
reversal represents a form of Eisenmenger’s physiol- 
ogy, which is discussed later. 


CLINICAL FINDINGS 


SIGNALMENT. Breeds at greatest risk for development 
of PDA include the Chihuahua, collie, Maltese, poodle, 
Pomeranian, English springer spaniel, keeshond, bi- 
chon frise, Cavalier King Charles, and Shetland sheep- 
dog (see Tables 23-6; 24~-1).** Many other breeds, 
including larger dogs such as the German shepherd, 
Newfoundland, and Labrador retriever, are prone to 
PDA in some regions. Females developed PDA at a 
rate of 2.49 per 1000 versus 1.45 per 1000 for males. 


Left-to-Right-Shunting Patent 
Ductus Arteriosus 


CLINICAL SIGNS. Pups may be clinically healthy or thin 
and may demonstrate signs of left-sided congestive 
heart failure. Clinical signs are unlikely to occur until 
the pulmonary vascular resistance declines. The clini- 
cal features of PDA have been well-described (Fig. 
24-40). 


PHYSICAL EXAMINATION. In the usual case, the arterial 
pulses are hyperkinetic, a continuous thrill may be 
palpated at the craniodorsal cardiac base, and a contin- 
uous murmur is audible. The point of maximal inten- 
sity is over the main pulmonary artery, high on the 
left base, and it radiates cranial to the manubrium 
and to the right base.** 14. 145. 146 Frequently, a systolic 
murmur is evident over the mitral area, and mitral 
incompetency does develop with severe left ventricular 
dilatation. In the cat, the murmur may be heard best 
more caudoventrally than in the dog and the diastolic 
component may be less noticeable, particularly if pul- 
monary hypertension is present. The left ventricular 


t pulmonary 


shunt 
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dilation 


PATENT DUCTUS 
ARTERIOSUS 


apical impulse is often displaced caudoventrally due to 
ventricular dilatation. Mucous membranes are pink 
unless there is severe pulmonary edema from left ven- 
tricular failure. Noninvasive studies are diagnostic 
(Figs. 24-42 through 24-44; see also Fig. 8-16). 


ELECTROCARDIOGRAPHY. The ECG usually indicates 
left atrial enlargement, with widening of the P waves 
and left ventricular dilatation characterized by a nor- 
mal frontal axis and increased voltage Q and R waves 
in craniocaudal leads II, III, and aVF and in the lower 
left chest leads such as V, and V, (Fig. 24—43). 


RADIOGRAPHY. Chest radiographs document pulmo- 
nary overcirculation and left atrial and left ventricular 
enlargement, and they may show dilation of the main 
pulmonary artery and descending aorta (‘ductus 
bump”) (see Fig. 24—42). It is not uncommon in the 
cat for the left apex to be displaced into the right 
hemithorax. 


ECHOCARDIOGRAPHY. The echocardiogram substanti- 
ates left-sided cardiac enlargement and dilation of the 
aorta and pulmonary artery. The ventricular shorten- 
ing fraction is decreased in some dogs, probably due 
to the severe volume overload imposed on the left 
ventricle. The ductus can be imaged (see Figs. 8-16; 
2444) in many but not all cases. Doppler echo studies 
are less ambiguous. Spectral and color-flow Doppler 
echocardiography show continuous and abnormal ret- 
rograde flow in the pulmonary artery (see Fig. 8-16) 
and mild increases in aortic velocity (generally <2.5 
m/s), and they may demonstrate pulmonary and mi- 
tral valve insufficiency. Differential diagnosis includes 
aortopulmonary window'®*'* and anomalous systemic-to- 
pulmonary artery shunt.'® These are rare conditions, 
and the aortopulmonary window, a communication 
between the ascending aorta and pulmonary artery, 
usually leads to Eisenmenger’s physiology. Careful 
Doppler imaging can usually distinguish a shunt that 
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enters the PA from the ductus versus one that enters 
from the ascending aorta. 


CARDIAC CATHETERIZATION AND ANGIOCARDIOGRAPHY. 
These tests (Figs. 9-12A, 22-41, 24-22) are not indi- 
cated unless intercurrent malformations are strongly 
suspected and the Doppler echocardiographic study is 
ambiguous. Associated cardiac defects in dogs with 
PDA are not common, especially in the smaller canine 


breeds,’ and catheterization cannot be justified if 


noninvasive data support the diagnosis of uncompli- 
cated PDA. Catheterization data may show elevated 
pulmonary capillary wedge, pulmonary artery, and left 
ventricular diastolic pressures.” Pulmonary and right 
ventricular pressures are normal to mildly elevated in 
cases uncomplicated by heart failure or pulmonary 
vascular disease. An oxygen step-up is recorded in the 
pulmonary artery. When contrast material is injected 
into the left ventricle, or preferably the descending 
aorta, the ductus is evident, and both aorta and pulmo- 


FIGURE 24-41. See legend on opposite page 


nary artery are opacified. Mitral regurgitation may be 
present if there is enough left ventricular dilatation, 
and pulmonic insufficiency may be noted owing to 
dilation of the pulmonary annulus. 


Patent Ductus Arteriosus with Pulmonary 
Hypertension (“Reversed PDA”) 
When right-to-left shunting develops as a result of 


increased pulmonary vascular resistance, a condition 
called “reversed PDA” is observed.” !** 
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FIGURE 24-42 


Thoracic radiography in patent ductus arteriosus (PDA). (A) Ventrodorsal and 
(B) lateral radiographs from a dog with PDA, demonstrating left ventricular 
and left atrial dilatation and increased pulmonary density compatible with 
early left-sided congestive heart failure. Prominent pulmonary vascularity is 
evident on the lateral projection. 


CLINICAL SIGNS. The symptomatic patient may exhibit 
shortness of breath, pelvic limb weakness or collapse, 
seizures, and differential cyanosis (cyanosis of the cau- 
dal mucous membranes with pink cranial mem- 
branes).°' Differential cyanosis is readily explained by 
the location of the right-to-left shunt from the pulmo- 
nary artery into the descending aorta (Fig. 24-41). 
Perfusion of the kidneys with hypoxemic blood leads 
to secondary polycythemia and hyperviscosity, with the 
packed cell volume (PCV) often exceeding 65 percent. 
Metabolic acidosis can develop. 


FIGURE 24-41 


Angiograms demonstrating patent ductus arteriosus (also see Figure 24-22A). (A) Left 
ventriculogram obtained from a dog with pulmonary hypertension caused by a ventricular septal 
defect and patent ductus arteriosus. A pigtail catheter is present within the left ventricle, and 
another catheter is evident within the right atrium. Following injection of contrast into the left 
ventricle, a stream of dye crosses the ventricular septal defect (arrowheads), opacifies the 
hypertrophied right ventricular outflow tract and main pulmonary artery (P), and fills the distal 
pulmonary circulation. Contrast that exits into the aorta (Ao) outlines this vessel as well as the ductus 
arteriosus (white arrowhead), which connects the descending aorta with the dilated main pulmonary 
artery. (B) Right and left ventricular angiograms obtained from a dog with patent ductus arteriosus, 
pulmonary hypertension, and bidirectional shunting. The ventriculogram on the left opacifies the 
right ventricle (RV), the main pulmonary artery (PA), and the large ductus (arrowhead), which 
subsequently fills the descending aorta and opacifies the kidney. Note that the right ventricular wall 
is markedly hypertrophied, that there is secondary muscular hypertrophy of the infundibulum, which 
narrows the right ventricular outflow tract, and that the main pulmonary artery is dilated. The 
genesis of polycythemia is obvious. Desaturated blood perfuses the caudal portion of the body, 
including the kidneys, which results in an increase in plasma erythropoietin. The ventriculogram on 
the right shows a small left ventricle that has been displaced dorsocaudally, prominence of the right 
coronary circulation, and some degree of left-to-right shunting (arrowhead) into the ductus. Note that 
the contrast in the descending and distal aorta has been diluted by the right-to-left shunt. (From 
Bonagura JD, Darke PGG. Congenital heart disease. /n Ettinger SJ, Feldman EC (eds). Textbook of 
Veterinary Internal Medicine. 4th ed. Philadelphia, WB Saunders, 1995, pp 908-909, with 


permission.) 
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Electrocardiogram from a dog with patent ductus arteriosus, recorded at 1/2 standard (5 mm = 1 
mV; 50 mm/sec). The frontal axis is normal, but Q-waves are prominent (0.5 mV). In lead II, the R- 
wave amplitude is increased (over 5 mV), indicating left ventricular enlargement. P waves are slightly 
widened, compatible with left atrial dilatation. There is also first-degree atrioventricular block. 


PHYSICAL EXAMINATION. The continuous cardiac mur- 
mur is no longer present. An ejection sound, a proto- 
systolic murmur, and a loud or split second heart 
sound may be evident over the pulmonary artery or 
left cardiac base. Right ventricular hypertrophy is al- 
ways expected and can be palpated over the precor- 
dium and confirmed by electrocardiography, radiogra- 
phy, and echocardiography. 


ELECTROCARDIOGRAPHY. The ECG usually shows evi- 
dence of right ventricular hypertrophy (chapter 6). 


RADIOGRAPHY. Thoracic radiographs usually demon- 
strate dilatation of the main pulmonary artery (see 


Fig. 7-15) and proximal lobar arteries, peripheral hy- 
poperfusion, and a “ductus bump” of the descending 
aorta. Radiographic signs are sometimes subtle, and 
the heart may be more misshapen than enlarged 
(Fig. 24-42). 


ECHOCARDIOGRAPHY. The echocardiogram demon- 
strates right ventricular hypertrophy, a dilated pulmo- 
nary artery, and the ductal communication (see Fig. 
8-16). Contrast echocardiography, with saline injected 
in the cephalic vein, will opacify the descending aorta 
(best observed by imaging the aorta as it courses dorsal 
to the bladder), but not the left ventricle. 


FIGURE 24-44 


Subcostal two-dimensional echocardiogram from a 
dog with patent dugtus arteriosus shows the left 
ventricle (LV), aorta and arch (Ao), descending aorta 
(DAO), and termination of the ductus into the 
pulmonary artery (PA) (arrow). (Study courtesy of 
Helio A. DeMorais, DVM.) 


CARDIAC CATHETERIZATION. Severe pulmonary hyper- 
tension with a corresponding elevation of the right 
ventricular systolic pressure is recorded at cardiac cath- 
eterization, though this test is rarely needed to confirm 
the diagnosis. Bidirectional shunting is commonly ob- 
served during angiography; however, the importance 
of the right-to-left shunt is emphasized by the thick- 
ening of the right ventricular walls, relatively small size 
of the left atrium and left ventricle, and the oxygen 
step-down in the descending aorta. The right ventricu- 
logram usually outlines a very large ductus that ap- 
pears to continue distally as the descending aorta. 
Some contrast media may flow cranial to the ductus, 
but most flows caudally. An erroneous diagnosis of 
pulmonic stenosis can be made from the right ventric- 
ular angiogram unless the examiner appreciates that 
significant hypertrophy develops in response to the 
pulmonary hypertension. This can cause the right ven- 
tricular outflow tract to demonstrate a dynamic, sys- 
tolic muscular obstruction that abates during diastole. 
Dilated lobar arteries showing increased distal tortuos- 
ity are commonly visualized, and bronchoesophageal 
collateral vessels may be prominent. 


NATURAL HISTORY 


With left-to-right shunting PDA, approximately 64 
percent of dogs will be dead within 1 year of diagnosis 
without surgical treatment.'** Complications of left-to- 
right PDA include pulmonary edema from left ventric- 
ular failure, atrial fibrillation from left atrial enlarge- 
ment, pulmonary hypertension secondary to left ven- 
tricular failure (but not vascular disease), and 
development of mitral regurgitation, presumably from 
left ventricular dilatation.’ Some dogs with PDA sur- 
vive to maturity, and an occasional dog with PDA sur- 
vives to more than 10 years of age. It is popular to 
extrapolate from humans and predict that pulmonary 
hypertension and shunt reversal may develop in ma- 
ture dogs with PDA. However, we are unaware of a 
documented case of shunt reversal that has occurred 
after a dog has attained 6 months of age. Our clinical 
impression is that cats may develop pulmonary vascular 
disease and pulmonary hypertension more gradually. 

When pulmonary hypertension in the neonate leads 
to reversed shunting, congestive heart failure is un- 
likely to develop. However, hypoxemia, polycythemia, 
and hyperviscosity can incapacitate the dog, and car- 
diac arrhythmias, seizures, and sudden death may re- 
sult. Dogs with reversed PDA often live for 2 to 5 years 
if they are not stressed and if the PCV is controlled 
below a value of 65 to 68 percent. 


CLINICAL MANAGEMENT 
Left-to-Right Shunting Patent Ductus Arteriosus 


SURGERY. Surgical ligation of the PDA is recom- 
mended in all cases of left-to-right shunting PDA diag- 


CONGENITAL HEART DISEASE 511 


nosed in dogs less than 2 years of age. When this 
condition is diagnosed in older pets, a cardiologist 
should be consulted and the risks and benefits care- 
fully considered. Doppler echocardiography can be 
used to verify the diagnosis or to rule out concurrent 
defects and is recommended, especially in larger 
breeds, because intercurrent defects such as subaortic 
stenosis seem to be more common. The optimal time 
for surgery has not been determined, but ductus liga- 
tion should be done early, usually between 8 and 16 
weeks of age, or sooner if cardiac failure is imminent 
or myocardial function is obviously reduced on echo- 
cardiographic examination. Surgical techniques and 
results have been described in detail, 141-144, 148. 153, 166-168 
When congestive heart failure has developed, the pa- 
tient is stabilized medically with digoxin and furose- 
mide (see Table 24—3) prior to surgery. Treatment with 
prostaglandin inhibitors," often used in premature in- 
fants to encourage closure of the PDA, is highly unlikely 
to be successful due to the histologic nature of the 
lesion (which is characterized by an absence of smooth 
muscle in the ductal wall) and is not advocated. 

Prognosis with surgery is excellent.'* 148 '° Tt is inad- 
visable to use the dog for breeding. A surgical mortality 
of greater than 5 to 8 percent should be considered 
excessive in uncomplicated cases. Ductal recanalization 
has been reported to be uncommon, occurring in 2 
percent or less of the cases!*’; however, recent experi- 
ence with Doppler echocardiography indicates that 
persistent ductal flow is very common for weeks after 
surgery, and perhaps longer. When no PDA murmur 
is audible postoperatively, it is doubtful that identifying 
residual flow by Doppler is of clinical significance. 
However, when an audible murmur is identified, religa- 
tion or coil embolization should be considered. Recan- 
alization is particularly likely to develop when there is 
infection at the surgical site. Postoperative fever and 
diffuse pulmonary infiltrates, generally developing 
within 2 weeks of surgery, usually indicate infection at 
the surgical site and hematogenous pneumonia (Fig. 
24-45). 


TRANSCATHETER OCCLUSION. An alternative to surgical 
correction of the ductus is coil embolization via trans- 
catheter delivery of a Gianturco coil or another special- 
ized device or occluder.’™® !* 16% This technique has 
been accomplished successfully in a number of dogs 
(Fig. 24—46). Potential complications include pulmo- 
nary embolism due to placement of a coil of insuffi- 
cient diameter or poor coil placement. 


PROGNOSIS. The long-term prognosis for dogs and 
cats treated surgically appears to be good. Detailed 
follow-up studies have not been reported, but most 
pets are clinically normal following surgery, and overall 
cardiac size becomes normal, though the heart and 
great vessels continue to be misshapen in outline.‘ 
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FIGURE 24-45 


Postoperative pulmonary complications can be caused by infection 
of the suture/ligation site in dogs with patent ductus arteriosus. In 
addition to pulmonary complications and the risk of sepsis, 
infection at the surgical site may promote recanalization of a 
ductal or periductal channel. Lung from a dog demonstrates 
multifocal pulmonary abscesses. 


Soft left- or right-sided systolic murmurs are commonly 
detected immediately following ductus ligation but are 
generally absent at the time of suture removal.'*’ Per- 
sistent systolic murmurs are likely to indicate mitral 
regurgitation or an undetected lesion such as mitral 
valve dysplasia, ventricular septal defect, or subaortic 
stenosis. Myocardial function, as assessed by echocardi- 
ography, may be decreased following surgery, and this 
likely represents a cardiomyopathy of volume overload. 
The progression or regression of this has not been 
investigated. When atrial fibrillation or advanced con- 
gestive heart failure is present in PDA, the prognosis 
is guarded to poor, and these patients are poor anes- 
thetic risks. ”? 


“Reversed” Patent Ductus Arteriosus 


Treatment of reversed PDA with secondary polycythe- 
mia consists of enforced rest, limitation of exercise, 


avoidance of stress, and maintenance of the PCV below 
65 percent. Excessive bleeding is discouraged since the 
oxygen content of arterial blood may be diminished, 
leading to tissue hypoxia. Fluid volume should be 
maintained during phlebotomy by infusing crystalloid 
solutions. 


LESIONS CAUSING 
PULMONARY-TO-SYSTEMIC 
SHUNTING (CYANOTIC HEART 
DISEASE) 


~ 


A number of congenital heart diseases characterized 
by pulmonary-to-systemic (right-to-left) shunting lead 
to the clinical sign of cyanosis (see Table 24-2). Each 
has the potential to cause substantial systemic arterial 
desaturation and clinical signs related to tissue hypoxia 
and polycythemia. Whereas tetralogy of Fallot (see 
Figs. 24—47 through 24—50) is the most common right- 
to-left shunt in small animals,?**° 8. 170-179 other causes 
of cyanotic congenital heart disease occur. These con- 
ditions have in common a number of pathophysiologic 
abnormalities.'!° 


PATHOPHYSIOLOGY OF RIGHT-TO-LEFT 
SHUNTING 


In order for desaturated venous blood to shunt into 
the systemic arteries, there must be mixing of blood 
between the pulmonary and systemic circulations. This 
generally involves a septal defect or aorticopulmonary 
communication and some lesion that raises pressures 
on the right side of the circulation; alternatively (and 
rarely), there can be transposition of the great vessels 
relative to the venous return, or a single functional 


FIGURE 24-46 


Thrombogenic Gianturco coil occluding a patent 
ductus arteriosus in a Gordon setter puppy. The 
ductus had been partially ligated at surgery and coil- 
related thrombosis resulted in complete clinical 
closure of the shunt. 


FIGURE 24-47 


Heart from a 5-month-old male domestic short-hair cat with 
tetralogy of Fallot. The right ventricular outflow tract and 
pulmonic valve are exposed. Hypertrophy of the infundibular 
portion of the right ventricular outlet is evident along with 
pulmonary valve stenosis (dysplasia) is indicated by three black 
arrows. The right ventricular outflow tract is very narrowed (lower 
arrow). The right ventricular wall (W) is severely hypertrophied. 
MPA, main pulmonary artery. (Courtesy of Dr. Philip Fox.) 


ventricle that serves both circulations. A defect be- 
tween the atrial, ventricular, or aorticopulmonary septa 
or a PDA provides the potential conduit for right-to- 
left shunting in most cases. However, this condition 
will not develop unless there is an obstruction to blood 
flow on the right side of the circulation. Tricuspid 


FIGURE 24-48 


Left ventricle and aortic root of the cat in Figure 
24-47. A large ventricular septal defect (curved arrow) is 
present. The aortic root (Ao) and aortic semilunar 
valves (small arrows) are illustrated. There is severe 
hypertrophy of the right ventricular wall (RW). Mitral 
valve malformation and endocardial fibrosis are also 
present. P, papillary muscle. (From Liu SK. 
Cardiovascular pathology. Jn Fox PR (ed). Canine and 
Feline Cardiology. New York, Churchill Livingstone, 
1988, pp 637-660, with permission.) 
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FIGURE 24-49 


Gross dissection of a feline heart with tetralogy of Fallot and 
pulmonary artery atresia (pseudotruncus arteriosus). The left 
ventricle has been opened to expose the large ventricular septal 
defect (white arrow), the hypoplastic pulmonary artery (black arrow), 
and dilated aorta (Ao). Pulmonary flow was through the ductus 
arteriosus, the origin and termination of which are shown by 
arrowheads. The lobar pulmonary arteries were patent, but almost 
no blood was found in the main pulmonary artery. (From 
Bonagura JD, Darke PGG. Congenital heart disease. /n Ettinger SJ, 
Feldman EC (eds). Textbook of Veterinary Internal Medicine. 4th 
ed. Philadelphia, WB Saunders, 1995, p 935, with permission.) 


stenosis (or atresia) and pulmonic stenosis (or atresia) 
are examples of obstructive right-sided cardiac lesions. 
Pulmonary vascular disease is another cause of high 
right-sided pressures that can lead to right-to-left 
shunting. This concept was introduced previously (see 
Reversed Patent Ductus Arteriosus) and is discussed 
later (Eisenmenger’s Physiology). 
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FIGURE 24-50 


Angiocardiograms from animals with tetralogy of Fallot. (A) A right ventricular (RV) injection 


documents simultaneous opacification of both the pulmonary artery (PA) and the aorta (Ao) in this 
dog. The right ventricular wall is hypertrophied. (B) A right ventriculogram from a dog documents 
a subvalvular pulmonic stenosis (arrow) and normally formed, but relatively small, pulmonary valve 
sinuses above the arrow. There is mild poststenotic dilation of the main pulmonary artery and slight 
opacification of the ascending aorta cranial to the pulmonary artery. A dilated right coronary artery 
is shown (arrowheads). (C) Left ventricular injection showing overriding of the aorta (arrow). (D) 
Aortic injection in a cat with tetralogy of Fallot. The aorta is slightly widened, and there is marked 
increase in collateral circulation via the bronchoesophageal system (arrow). The tortuous nature of 
these vessels is typical of collateral flow in right-to-left cardiac shunting. (From Bonagura JD, Darke 
PGG. Congenital heart disease. Jn Ettinger SJ, Feldman EC (eds). Textbook of Veterinary Internal 


Medicine. 4th ed. Philadelphia, WB Saunders, 1995, p. 938, with permission.) 


The degree of right-to-left shunting varies with the 
systemic vascular resistance or the ratio of pulmonary 
(or right-sided)-to-systemic resistance. Exercise may 
promote systemic vasodilation, increase the pulmo- 
nary-systemic resistance ratio, and increase the right- 
to-left shunt. Tachycardia or elevated sympathetic tone 
may cause difficulties in cases of right ventricular hy- 
pertrophy, because any dynamic component of ventric- 
ular outflow obstruction may increase, pulmonary flow 


diminish, and right-to-left shunting worsen. This is one 
of the suggested reasons for using B-adrenergic block- 
ers like propranolol in some forms of cyanotic heart 
disease.!®® '*' Anemia or even relative anemia (normal 
hematocrit in a hypoxemic patient) can result in a 
decline in the ratio of systemic-to-pulmonary resistance 
when the pulmonary resistance is a fixed lesion such 
as pulmonic valve stenosis.'** Therefore, phlebotomy 
in cyanotic patients not only decreases oxygen content 


per deciliter blood but also decreases systemic vascular 
resistance, increasing the arterial hypoxemia. The 
quantitative impact on systemic-to-pulmonary resis- 
tance of reducing hematocrit in animals with pulmo- 
nary hypertension has not been reported. 

Right-to-left shunting leads to compensatory in- 
creases in blood flow to the lung via the bronchial 
arteries. These tortuous systemic collateral vessels are 
easily recognized with angiography (see Fig. 24—50D) 
ventral to the descending aorta. Blood from these 
vessels may return via pulmonary veins and increase 
venous admixture, Although uncommon, it is possible 
for these vessels to rupture, leading to hemoptysis. 

Systemic hypoxemia can be detected by measuring 
an arterial blood gas obtained while the animal 
breathes room air. Increasing the inspired oxygen con- 
centration to 100% neither significantly improves the 
hypoxemia nor the cyanosis in most cases of right-to- 
left shunting. Clinical signs of cyanotic heart disease 
are a result of tissue hypoxia and include stunting, 
weakness, anxiety, syncope, and seizures.” % 113, 126, 180, 
182. 183 Since systemic hypoxemia increases plasma eryth- 
ropoietin concentrations, secondary polycythemia de- 
velops in cyanotic heart disease. When the PCV ex- 
ceeds the 65 to 68 percent range, hyperviscosity can 
predispose to thrombosis and microvascular complica- 
tions. Metabolic acidosis is another potential complica- 
tion of protracted hypoxemia.'* 

Paradoxic embolization or a systemic venous-to— 
systemic arterial embolus is another potential concern 
in right-to-left shunting. Normally, the pulmonary vas- 
culature filters systemic venous emboli before they can 
reach the left side of the circulation. With reversed 
shunting, the possibility of coronary, cerebral, or other 
systemic emboli must always be considered, particularly 
when venipuncture or intravenous catheters are used. 
Air, thrombi, or bacteria may gain access to vital organs 
by this mechanism. 


TETRALOGY OF FALLOT 


Tetralogy of Fallot is a genetically transmitted disor- 
der in some breeds, propagated as a single major 
gene defect interfering with myocardial growth.” This 
malformation has been widely studied in the keeshond 
breed in which a spectrum of lesions is described, 
ranging from subclinical to clinically complicated.* ° 


DEVELOPMENTAL ANATOMY 


It is hypothesized that tetralogy of Fallot results from 
conotruncal system malformation, the swellings re- 
sponsible for partitioning of the fetal truncus arterio- 
sus into the aorta and pulmonary artery and the fetal 
conus arteriosus into right and left ventricular outflow 
tracts. When the conotruncal septum fails to develop 
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completely, there is often a VSD with malalignment 
between the ventral and most dorsal components of 
the ventricular septum, leading to a dextropositioned 
and overriding aorta.!!® 


LESIONS 


Components of the tetralogy are (1) right ventricu- 
lar outflow obstruction (pulmonic stenosis), (2) sec- 
ondary right ventricular hypertrophy, (3) a subaortic 
ventricular septal defect, and (4) dextropositioned or 
overriding aorta (Figs. 24-47 through 24-53). When 
pulmonary atresia occurs owing to grossly unequal 
partitioning of the truncus, the term “pseudotruncus 
arteriosus” has been used (Fig. 24—49). 


GROSS MORPHOLOGY. Patterson and colleagues graded 
the conotruncal defects pathologically as follows: grade 
1—persistence of the conus septum fusion line, aneu- 
rysm of the ventricular septum, and absence of the 
papillary muscle of the conus (representing subclinical 
malformations); grade 2—pulmonic stenosis or infun- 
dibular ventricular septal defect plus the grade 1 le- 
sions; and grade 3—tetralogy of Fallot: pulmonic ste- 
nosis, infundibular (outlet) ventricular septal defect, 
and dextropositioned aorta (with secondary right ven- 
tricular hypertrophy), plus grade 1 lesions. Other le- 
sions found in some dogs included dilated and tortu- 
ous ascending aorta, pulmonary atresia, hypoplasia of 
the supraventricular crest, and anomalies of the aortic 
arch system. More detailed descriptions can be found 
in related literature.” ° 


PATHOPHYSIOLOGY 


As with other right-to-left shunts, the essential com- 
ponents are the increased right-sided resistance and 
pressure and the communication between pulmonary 
and systemic circulations (Fig. 24—50). Owing to the 
high resistance RV outlet and elevated right ventricular 
pressure, desaturated blood shunts through the septal 
defect to mix with blood coming from the left ventri- 
cle.!!°. 17. 171 Due to the decreased pulmonary arterial 
flow, the left atrium and left ventricular cavity are 
small. The significant contribution of right ventricular 
blood to systemic blood flow causes hypoxemia, de- 
creased hemoglobin oxygen saturation (O, saturation), 
cyanosis, and secondary polycythemia. A cardiac mur- 
mur is generated from high-velocity flow across the 
pulmonic stenosis or, less often, from shunting across 
the VSD. Systemic collateral circulation increases via 
the bronchial arterial system, increasing venous admix- 
ture and hypoxemia. Right ventricular hypertrophy 
develops in response to pulmonic stenosis. Other as- 
pects of clinical pathophysiology have been previously 
described (see Pathophysiology of Right-to-Left Shunt- 
ing). In cases of pulmonary atresia, pulmonary blood 
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flow must be derived from either a persistently patent 
ductus arteriosus or from bronchial arteries.!* 16° 


CLINICAL FINDINGS 


SIGNALMENT. Tetralogy of Fallot is common in the 
keeshond, English bulldog, and some families of other 
breeds.” It is also recognized in the cat. 718 


FIGURE 24-51 


(A) Ventrodorsal (VD) and (B) right lateral thoracic radiographs from a cat 
with tetralogy of Fallot and pulmonary atresia (pseudotruncus arteriosus). 
The right side of the heart is enlarged, resulting in apex displacement to the 
left on the VD view (A). The ascending aorta is dilated because of unequal 
partitioning of the truncus arteriosus, and it is malpositioned, resulting in a 
bulge in the cranial border of the heart on the lateral view (B). The left 
auricle is small, and pulmonary vascularity is reduced owing to decreased 
pulmonary blood flow. 


CLINICAL SIGNS. Presenting signs include failure to 
grow, cyanosis, shortness of breath, exercise intoler- 
ance, weakness, syncope, and seizures. 


PHYSICAL EXAMINATION. The ejection murmur of pul- 
monic stenosis is the most common auscultatory ab- 
normality. Detection of a murmur over the right hemi- 
thorax is not uncommon and may indicate radiation 
of the pulmonic stenosis (PS) or, less likely, flow across 


FIGURE 24-52 


Two-dimensional 
echocardiograms from a dog with 
tetralogy of Fallot. Left panel: A 
short-axis image across the base 
of the heart shows infundibular 
obstruction (arrow) of the right 
ventricle and a large septal defect 
communicating between the 
right ventricle (RV) and the root 
of the aorta (AO). RA, right 
atrium; MPA, main pulmonary 
artery; PV, pulmonary valve. Right 
panel: Contrast two-dimensional 
echocardiogram following 
injection of agitated saline into a 
cephalic vein. Both the right side 
of the heart and the aortic root 
(arrow) are opacified, thereby 
demonstrating the right-to-left 
shunt. RV, right ventricle. 


FIGURE 24-53 


Successful systemic-to-pulmonary shunt used to palliate the 
tetralogy of Fallot. Following injection of contrast into the aorta, 
the pulmonary artery is also opacified. A filling defect (above the A 
in PA) is a result of surgical scarring. Ao, aorta. (From Bonagura 


JD, Darke PGG. Congenital heart disease. /n Ettinger SJ, Feldman 


EC (eds). Textbook of Veterinary Internal Medicine. 4th ed. 
Philadelphia, WB Saunders, 1995, p 939, with permission.) 


the septal defect and in the ascending aorta. Some 
dogs have no obvious murmur related to pulmonary 
atresia and/or polycythemia with hyperviscosity (which 
decreases turbulence) and ejection across a large, non- 
restrictive VSD. Cyanosis is typical, but acyanotic cases 
are not uncommon. Exercise or excitement may in- 
duce cyanosis by accentuating right-to-left shunting. 
Affected animals often gasp when stressed, and pulmo- 
nary crackles are commonly heard though they do not 
represent edema and their genesis is not understood. 
Arterial pO, and pCO, are decreased. These animals 
may develop adverse reactions (particularly bradycar- 
dia) to sedatives and tranquilizers, and they may not 
improve appreciably following administration of sup- 
plemental oxygen. Most cases are polycythemic, but 
the hemoglobin concentration must be compared with 
age-matched normal animals.” 


RADIOGRAPHY. Thoracic radiographs usually show a 
normal-sized heart with rounding of the right ventricu- 
lar border (Fig. 24-51). The main pulmonary artery is 
not enlarged in contrast to the usual case of PS with 
intact ventricular septum. Pulmonary circulation is di- 
minished, and the left auricle may be inconspicuous 
due to decreased venous return. 


ECHOCARDIOGRAPHY. The two-dimensional echocardi- 
ogram reveals right ventricular hypertrophy, small left 
chamber dimensions, the large subaortic VSD, and 
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right ventricular outflow obstruction. Echo contrast 
(or Doppler echo) studies (Fig. 24-52) document 
right-to-left shunting at the ventricular outflow level.'** 


ELECTROCARDIOGRAPHY. The ECG usually exhibits a 
right axis deviation. However, a left or cranial axis may 
be found in some cats.'” 


CARDIAC CATHETERIZATION. Catheterization demon- 
strates virtual equilibration of left and right ventricular 
systolic pressures in most cases, compatible with an 
unrestrictive VSD. An oxygen step-down is recorded 
at the left ventricular outflow level, and the aortic 
blood is relatively desaturated. Angiocardiography re- 
veals right ventricular hypertrophy, PS with minimal 
poststenotic dilatation, a large subaortic VSD, a small, 
dorsally displaced left ventricle, a widened ascending 
aorta, and prominent bronchial circulation (Figs. 9- 
12k 24-50). Either valvular or subvalvular PS, or both, 
may be found. Bidirectional shunting across the VSD is 
common in the anesthetized animal. Anticoagulation 
therapy (e.g., heparin) should be considered to pre- 
vent cerebral thromboembolism during and immedi- 
ately after cardiac catheterization. Care must be taken 
to avoid air emboli. 


NATURAL HISTORY 


Generally, pets tolerate the defect for years provided 
pulmonary blood flow is maintained and hyperviscosity 
is controlled. "ë Sudden death is common, related 
to complications of hypoxia, hyperviscosity, or cardiac 
arrhythmia. Unlike the case in pulmonic stenosis with 
intact ventricular septum, CHF is extremely uncom- 
mon. 


CLINICAL MANAGEMENT 


Both medical and surgical therapies can be em- 
ployed in the management of tetralogy of Fallot. 


Surgery 


Definitive correction of the defect (closing the VSD 
and removing or bypassing the PS) can be done under 
cardiopulmonary bypass, but such surgery is rarely 
performed in animals.'” The right ventricular outflow 
tract obstruction should not be relieved surgically if 
the VSD cannot be closed, because marked left-to- 
right shunting with subsequent left ventricular failure 
may develop.” Surgical palliation by creation of a sys- 
temic-to-pulmonary shunt can be rewarding (Fig. 24— 
53). '78 Subclavian to pulmonary artery (Blalock-Taus- 
sig), ascending aorta to pulmonary artery (Potts), and 
aorta to right pulmonary artery (Waterston-Cooley) 
connections have been made in dogs and cats. By 
increasing pulmonary venous return to the left heart, 
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there is a greater contribution of oxygenated blood to 
the systemic circulation. The size of the shunt must be 
controlled to prevent overloading of the diminutive 
left ventricle and subsequent pulmonary edema. The 
extent to which these shunts remain patent postopera- 
tively has not been reported, but the authors have 
observed patency in some cases for up to 4 years. 


Medical Therapy 


Adjunctive therapy includes phlebotomy to control 
the PCV below 65 to 68 percent (in the normally 
hydrated patient), which appears satisfactory for most 
cases. Excessive bleeding should not take place, and 
the blood volume should be maintained with crys- 
talloid fluids to preserve cardiac output and tissue 
oxygen delivery.'*? Some children with tetralogy of Fal- 
lot benefit from B-blockade with propranolol; however, 
controlled studies of the clinical efficacy of this treat- 
ment in animals have not been reported. !*! Severe 
hypoxic spells should be treated with cage rest, oxygen, 
and sodium bicarbonate (if metabolic acidosis is evi- 
dent). Drugs with dominant systemic vasodilating 
properties and vigorous exercise should be avoided. 


EISENMENGER’S PHYSIOLOGY 


The term “Eisenmenger’s physiology,” or “reac- 
tion,” describes right-to-left shunting consequent to 
pulmonary vascular disease. This condition usually de- 
velops early in life and leads to reversal of a previously 
left-to-right shunt.!* 126 188. 185 


PATHOPHYSIOLOGY 


High flow rates or direct transmission of systemic 
pressures into the pulmonary arterial system is im- 
portant for development of this syndrome,'*® t al- 
though many details of etiopathogenesis are incom- 
pletely understood. There is an association between 
large bore defects and the development of pulmonary 
vascular disease. Reversed shunting has been observed 
with PDA, aorticopulmonary communication, ventricu- 
lar septal defect, and atrial septal defect.?% % 114, 126, 
128, 183, 154 Moreover, Eisenmenger’s physiology almost 
always develops before 6 months of age in small ani- 
mals. 

The systemic circulation acts as a safety “pop-off” 
valve for the pulmonary hypertension in this condi- 
tion, but this leads to the right-to-left shunt and resul- 
tant clinical signs. The left atrium and left ventricle 
are small owing to decreased pulmonary venous re- 
turn, and bronchial collateral vessels are increased in 
size. These lesions explain why surgical shunt closure 
cannot be undertaken. Shunt closure would preclude 
access of right ventricular blood to the systemic circula- 


tion, markedly increase right ventricular afterload, de- 
crease cardiac output, and usually lead to shock and 
death. For these reasons, a reversed PDA should not 
be ligated. 


LESIONS 


GROSS MORPHOLOGY. An atrial septal defect,” 114 128 
ventricular septal defect,” 1 128 aorticopulmonary sep- 
tal defect,!6-16 PDA,” 154 or some combination of 
these defects is present. Aside from the presence of 
the large-caliber shunt, the most important anatomic 
changes are microscopic lesions of the muscular and 
small pulmonary arteries. 


HISTOLOGIC FEATURES. Pulmonary vascular lesions ob- 
served in dogs and cats with Eisenmenger’s physiology 
are similar to those of humans.’* ! 1% Intimal thick- 
ening, medial hypertrophy, and plexiform lesions are 
the salient abnormalities in most cases. The plexiform 
lesion is considered irreversible; consequently, neither 
medical therapy nor closure of the shunt will effectively 
improve the condition once these lesions have devel- 
oped. The right ventricle becomes hypertrophied be- 
cause it must eject against a tremendous pulmonary 
vascular resistance. 


CLINICAL FINDINGS 


PHYSICAL EXAMINATION. Clinical features of pulmo- 
nary-to-systemic shunting in Eisenmenger’s physiology 
tend to be similar to those of the tetralogy of Fallot, 
regardless of the underlying lesions, with a few notable 
differences. An important auscultatory finding of Eisen- 
menger’s syndrome is the presence of a loud pulmonic 
component of the second heart sound related to pul- 
monary hypertension. In some dogs, the second sound 
is audibly split. These may be the only auscultable 
abnormalities and are lacking in tetralogy of Fallot. An 
ejection sound with a soft, short, systolic murmur also 
may be evident at the base of the left side of the 
heart in dogs with Eisenmenger’s physiology. Diastolic 
murmurs of pulmonic insufficiency are rare. 


NONINVASIVE TESTING. Eisenmenger’s physiology is 
characterized by right ventricular hypertrophy. This is 
usually evident on echocardiograms, ECG, and the 
thoracic radiograph. 


RADIOGRAPHY. Marked cardiomegaly is atypical of most 
cyanotic cardiac conditions, and the heart often does 
not appear enlarged on survey films. As a general 
rule, the lungs appear underperfused, and the main 
pulmonary artery and proximal lobar arteries are di- 
lated when Eisenmenger’s syndrome is the basis for 
reversed shunting. In contrast, the main pulmonary 
artery is not prominent in cases of cyanosis due to 


tetralogy of Fallot, pulmonary atresia, or tricuspid atre- 
sia. 


ECHOCARDIOGRAPHY. The echocardiogram is usually di- 
agnostic in cases of Eisenmenger’s physiology. Most 
large defects can be easily visualized, the right ventricu- 
lar inflow and outflow tracts can be evaluated, and the 
site of right-to-left shunting identified through echo- 
contrast or Doppler studies. Of note is the markedly 
dilated right ventricular outflow tract and pulmonary 
artery evident with Eisenmenger’s physiology. An 
atretic, hypoplastic, or stenotic right ventricular out- 
flow tract is generally incompatible with the diagnosis 
of Eisenmenger’s physiology. With reversed PDA, in 
which imaging of the ductus may be limited by sur- 
rounding lung, a peripheral venous injection of agi- 
tated saline will eventually opacify the descending 
aorta, which is easily visualized dorsal to the bladder. 
Detailed ultrasound studies often render cardiac cathe- 
terization unnecessary, unless surgery is contemplated 
and pulmonary hypertension (as opposed to pulmonic 
stenosis) cannot be otherwise ruled out. If pulmonic 
valve insufficiency is observed by Doppler echocardiog- 
raphy, a regurgitant jet peak velocity of less than 2.5 
m/s argues against a diagnosis of pulmonary hyperten- 
sion. 


CARDIAC CATHETERIZATION. This can demonstrate pul- 
monary hypertension, outline anatomic defects, and 
assess pulmonary artery size and degree of shunting. 
Angiocardiograms in cyanotic heart disease can be 
very confusing. It is helpful to include a vena caval 
and possibly, a right atrial injection of contrast material 
in the angiographic series. The operator must also 
watch for abnormal catheter positions as a clue to 
large septal defects and vessel transpositions. Aortic 
injections demonstrate prominent collateral broncho- 
esophageal vessels (Fig. 24—50D). 


CLINICAL MANAGEMENT 


Management of the cyanotic patient requires that 
the clinician know the cause, the pulmonary artery 
pressure and resistance, and the reason for right-to- 
left shunting. It is essential to determine whether or 
not pulmonary hypertension is present prior to any 
cardiac or vascular surgery in a patient with cyanotic 
heart disease. When pulmonary vascular resistance is 
normal, as with tetralogy of Fallot or pulmonary atre- 
sia, then pulmonary flow can be augmented and sys- 
temic hypoxemia improved by creation of a shunt 
between a systemic and a pulmonary artery. Con- 
versely, the patient with Eisenmenger’s physiology has 
irreversible pulmonary vascular disease. The high vas- 
cular resistance of this condition negates the benefit 
of surgery. Otherwise, the general management is simi- 
lar to that described previously for tetralogy of Fallot. 
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It involves controlling the PCV and preventing signs of 
hyperviscosity. 


OTHER CAUSES OF CYANOTIC 
CONGENITAL HEART DISEASE 


TRICUSPID VALVE DYSPLASIA 


Tricuspid valve dysplasia can cause cyanosis when 
associated with severe valve stenosis (Fig. 24—54), atre- 
sia, or regurgitation, since elevated right atrial pressure 
may generate right-to-left shunting through an ASD or 
patent foramen ovale.'** The right ventricle is hypo- 
plastic or atretic in tricuspid stenosis unless there is an 
associated VSD, in which case there may be a func- 
tional remnant of the ventricular outflow tract. 


DOUBLE-OUTLET RIGHT VENTRICLE 


Double-outlet right ventricle, in which both great 
vessels exit from the right ventricle, has been reported 
in dogs and cats.'*” 18 A malalignment type of VSD 
provides the left ventricle an avenue for outflow into 
the great vessels. Pulmonary overcirculation is present 
unless there is pulmonic stenosis or pulmonary hyper- 
tension develops. Cyanosis is likely based on the origin 
of the aorta and is most severe if there is PS or pulmo- 
nary hypertension. 


D-TRANSPOSITION OF THE GREAT ARTERIES 


In dextrotransposition of the great arteries, the aorta 
originates from the right ventricle and the pulmonary 
trunk from the left ventricle.'® Since two completely 
independent circulations exist and the systemic arter- 
ies never receive oxygenated blood, the pure form 
of this lesion is lethal. Survival of an animal with D- 
transposition depends on the presence (or produc- 
tion) of shunts between the two circulations to allow 
for mixing of blood to prevent fatal hypoxemia. If the 
shunts are large, then pulmonary-to-systemic flow may 
be great. These defects are complex, generally lethal, 
and probably underdiagnosed in the neonatal period. 


TRUNCUS ARTERIOSUS 


Persistent truncus arteriosus represents a failure of 
partitioning of the fetal truncus, such that a large VSD 
allows blood flow between the ventricles and a single 
large vessel originates above the VSD." Classification 
depends on the location and number of pulmonary 
arteries that arise directly from the truncus. Ventricu- 
lar blood mixes within the common artery prior to 
distribution to the body and pulmonary vessels. The 
clinical signs will depend in part on the ratio of pulmo- 
nary-to-systemic blood flow. 
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FIGURE 24-54 


Tricuspid valve malformation. (A) Postmortem 
specimen from a dog with tricuspid valve 
dysplasia. The right atrium (RA) is markedly 
dilated as a result of tricuspid regurgitation. The 
tricuspid valve itself is grossly malformed, with 
short chordae tendineae (arrow). malformation of 
the valve leaflets and cusps, and abnormalities of 
the papillary muscles (Pm), characterized by a 
single large papillary muscle instead of the usual 
three to four smaller muscles. (B) Postmortem 
examination of a congenitally stenotic tricuspid 
valve from a cat with right-sided congestive heart 
failure. The narrowed orifice is obvious when 
viewed from the ventricular perspective. (From 
Bonagura JD, Darke PGG. Congenital heart 
disease. /n Ettinger SJ, Feldman EC (eds). 
Textbook of Veterinary Internal Medicine. 4th ed. 
Philadelphia, WB Saunders, 1995, p 930, with 
permission.) 


Pulmonary atresia with ventricular septal defect, es- DYSPLASIA OF THE 


sentially the exaggerated form of tetralogy of Fallot, 

appears quite similar to truncus arteriosus, except that ATRIOVENTRICULAR VALVES 

the pulmonary circulation is derived from either a U 
patent ductus arteriosus or the bronchial arterial circu- 

lation. This lesion is sometimes termed “pseudotrun- Dysplasia of the mitral and tricuspid valves has been 
cus arteriosus” (Fig. 24-49). Angiocardiography may reported in both cats and dogs (Figs. 24-54, 24-55).* 
be required to distinguish these two conditions. 8, 41, 186, 191-198 Many have involvement of both valves. 
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FIGURE 24-55 


Mitral valve dysplasia. Three specimens are shown. Left, Dysplastic mitral valve from a cat. The valve 
cusp is thickened and the leaflet is C-shaped (arrow). Both cranioventral and caudodorsal cusps were 
similar and resulted in an oval opening of mitral incompetency in this cat. The left auricle is 
markedly dilated. The right ventricle (RV) and pulmonary artery (PA) are marked. Ventricular 
moderator bands adjacent to the papillary muscles of the left ventricle seem prominent. Lower panel, 
Heart of a mature cat with diabetes and congestive heart failure. The open left ventricle shows a 
singular papillary muscle (PM) with relatively short chordae tendineae attaching to an abnormal 
mitral valve. Jet lesions (arrows) are evident in the opened left atrium (LA). Right panel, A ring-type 
mitral valve dysplasia in a dog (arrow). This dog also had a patent ductus arteriosus (not shown). 
(From Bonagura JD, Darke PGG. Congenital heart disease. /n Ettinger SJ, Feldman EC (eds). 
Textbook of Veterinary Internal Medicine. 4th ed. Philadelphia, WB Saunders, 1995, p 929, with 
permission.) 
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Malformations of the atrioventricular valves comprise 
up to 17 percent of cardiac malformations reported 
in cats** and are also common in large-breed dogs 
(see Table 24-1). Diagnosis can be inferred from 
physical examination, radiography (see Fig. 7-4), 
and ECG. Definitive diagnosis requires echocardi- 
ography. A malformed atrioventricular valve, as a 
general rule, is incompetent. In some cases, careful 
echocardiographic and catheterization studies may 
demonstrate valvular stenosis as well. In many ways, 
the pathophysiology and clinical course of congeni- 
tal atrioventricular valve dysplasia is similar to that 
of acquired degenerative valvular disease in the dog 
(chapter 25). 


FIGURE 24-56 


PATHOPHYSIOLOGY 


Principal findings in most cases of mitral or tricuspid 
valve dysplasia are (1) valve regurgitation with volume 
overloading of the ipsilateral cardiac chambers and 
limited cardiac output; (2) ipsilateral atrial dilation 
with eccentric ventricular hypertrophy; (3) predisposi- 
tion to cardiac arrhythmias, particularly atrial fibrilla- 
tion; (4) obstructed ventricular filling in cases when 
valves are also stenotic; and (5) potential for right-to- 
left shunting through the foramen ovale or an ASD 
with tricuspid dysplasia. Examples of gross findings are 
illustrated in Figures 24—48, 24-54, and 24-55. 

Atrioventricular valve insufficiency is far more com- 


Echocardiograms from animals with atrioventricular valve dysplasia. (A) Long-axis, two-dimensional 
image from the right hemithorax of a German shepherd with tricuspid malformation. Note the 
dilated right atrium and ventricle (RA, RV) and the elongated tricuspid valve apparatus, which is 
connected to an abnormal, apical papillary muscle. LV, left ventricle. (B) Long-axis two-dimensional 
image from the right hemithorax of a cat with mitral valve malformation. A single, abnormal 
papillary muscle (arrow) attaches almost directly to mitral valve leaflets. The left ventricular outlet was 
also obstructed. RV, right ventricle; /VS, interventricular septum; LV, left ventricle; Ao, aorta; LA, left 
atrium; W, left ventricular posterior wall. (C) Two-dimensional echocardiograms demonstrating 
mitral valve stenosis in two dogs. The maximal diastolic mitral valve orifice is demonstrated in each 
panel. The anterior leaflets in both cases are abnormally tethered but otherwise mobile, producing a 
characteristic bowing toward the left ventricle (LV) as pressure builds behind the stenotic valve. LA, 
left atrium; AS, interatrial septum. (D) Continuous wave Doppler echo recording from a dog with 
tricuspid stenosis. The early diastolic filling pattern is prolonged (x--x), and the atrial contribution to 
ventricular filling is markedly exaggerated, with a peak velocity approximately five times normal. 


mon than valve stenosis; however, both can be present 
in a malformed valve (Fig. 24—56). When valve dyspla- 
sia causes stenosis, a diastolic pressure gradient can be 
recorded by Doppler echo across the affected valve; 
transvalvular flow velocity will be increased and pres- 
sure decay prolonged above normal values (Fig. 24— 
56D).** 9 Valvular regurgitation leads to prominent 
cu waves in the atrial pressure curve, and ventricular 
diastolic pressures increase due to volume overload 
and ventricular dilatation. 


MITRAL VALVE DYSPLASIA 


Mitral valve dysplasia may be the most commonly 
recognized congenital heart lesion of cats.* * 18 The 
cause is unknown but a genetic basis undoubtedly 
exists in certain canine breeds such as the bull terrier, 
Great Dane, German shepherd, and a number of 
larger breeds (see Table 24-1); however, breeding tri- 
als have not been reported. 


LESIONS 


GROSS MORPHOLOGY. A spectrum of lesions has been 
identified (chapter 36), including shortening, rolling, 
notching, and thickening of the valve leaflets, fusion 
and thickening or elongation of the chordae tendi- 
neae, direct insertion of the valve cusp into a papillary 
muscle, atrophy or hypertrophy of the papillary mus- 
cles, and upward malpositioning of the papillary mus- 
cles leading to a horizontal alignment of the cords 
(Figs. 24—48, 24-55, 24—56).'%! 1 Valve stenosis is less 
common (Fig. 24—56C), but when present, it coexists 
with valve regurgitation.” Concurrent malformations, 


FIGURE 24-57 
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particularly subvalvular aortic stenosis, may be recog- 
nized in affected dogs. 


CLINICAL FINDINGS 


CLINICAL SIGNS. Many animals are asymptomatic, with 
mild lesions. Presenting signs, if any, are referable to 
exercise intolerance or congestive heart failure. 


PHYSICAL EXAMINATION. The hallmark finding is a ho- 
losystolic murmur heard best over the left apex or 
along the left apical sternal border in cats. Rarely, a 
soft diastolic rumble is auscultated over the inflow tract 
of the ventricle, suggesting concurrent valvular stenosis 
or severe regurgitation. A loud gallop may be detected. 
Murmurs of other malformations may be evident. 


RADIOGRAPHY. Thoracic radiographs demonstrate left- 
sided cardiomegaly (Fig. 24-57A; see also Figs. 7—4, 
7-5). Left-sided congestive heart failure can occur in 
severe cases and may be diagnosed from physical exam- 
ination and thoracic radiography. 


ELECTROCARDIOGRAPHY. Atrial arrhythmias are a con- 
sequence of the left atrial dilatation that develops with 
this lesion (Fig. 24—58A).°! !° 19 Ventricular pre-excita- 
tion due to anomalous atrioventricular pathways also 
has been recognized with mitral valve malformation in 
both cats and dogs. An ECG may also indicate atrial 
and ventricular enlargement (substantiated by thoracic 
radiography and echocardiography). 


ECHOCARDIOGRAPHY. Left atrial and left ventricular 
enlargement, as well as abnormal location, shape, mo- 
tion, or attachment of the valve apparatus, may be 


Radiographs from dogs with atrioventricular valve malformations. (A) Lateral radiograph from a dog 
with mitral valve malformation and, incipient left-sided heart failure. Note the considerable left atrial 
dilatation and pulmonary interstitial densities. (B) Lateral radiograph from a dog with tricuspid valve 
dysplasia. The cranial cardiac border is quite rounded, and the heart is widened, with increased 
sternal contact. The caudal vena cava is displaced dorsally, supporting the assessment of right-sided 


enlargement. 
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imaged (Fig. 24-56). Left ventricular function is vari- 
able and may deteriorate with time. Doppler echo 
studies can document a regurgitant jet, valvular steno- 
sis, or both (Fig. 24-56D). 


CARDIAC CATHETERIZATION. Angiocardiograms demon- 
strate a dilated ventricle, regurgitant valve orifice, and 
dilated atrium (Fig. 24-59). Clearance of contrast is 
markedly delayed when there is cardiac failure or se- 
vere regurgitation. Potential catheterization abnormal- 
ities have been discussed. 


TRICUSPID VALVE DYSPLASIA 


Certain breeds are prone to congenital tricuspid 
valve malformation, especially the Labrador retriever 
(see Table 24-1). A spectrum of lesions similar to 
those described earlier for mitral valve malformation 
has been observed (Figs. 24-54, 24—56A, D). 


LESIONS 


GROSS MORPHOLOGY. Affected dogs have a tendency 
for multiple congenital defects, including pulmonic 


FIGURE 24-58 


Electrocardiograms from two 
dogs with atrioventricular valve 
malformation. (A) ECG rhythm 
strip from a dog with mitral 
dysplasia. The initial portion of 
the ECG shows a nonsustained, 
re-entrant, supraventricular 
tachycardia (subsequently shown 
to be related to an accessory 
atrioventricular pathway). The 
last two complexes demonstrate 
enlarged P waves (P), tall R waves 
(R), and retrograde P waves 
(arrow) in the ST segment. Lead 
II at 25 mm/sec; 5mm = 1 mV. 
(B) Intraventricular conduction 
disturbance in a dog with 
tricuspid dysplasia. Note the 
jagged R waves in leads II (arrow) 
and aVF. Small S waves (S) in 
lead I are not normal and 
suggest right ventricular 
hypertrophy. The left lower 
thoracic leads are often helpful 
in recognizing right ventricular 
enlargement (as shown here, 
lead V3 is characterized by deep 
S waves typical of right 
ventricular hypertrophy). 


stenosis, atrial septal defect, and ventricular pre-excita- 
tion.’ Valve stenosis can occur (Fig. 24-56A, D) and 
may be severe in some cases (tricuspid atresia has been 
discussed previously). Additionally, dogs with tricuspid 
dysplasia can have fusion of papillary muscles, patency 
of the foramen ovale, and fibrinous epicarditis over 
the dilated right atrium. Tricuspid abnormalities also 
have been recognized in keeshonden with tetralogy 
of Fallot.” 

Whether or not some cases of tricuspid dysplasia 
represent Ebstein’s anomaly is unresolved.'*” * In the 
latter condition, the anomalous tricuspid valve is dis- 
placed down into the ventricle and there is an “‘atri- 
alized” portion of the ventricular chamber. Definitive 
diagnosis requires simultaneous intracardiac pressure 
and electrode studies to document a ventricular elec- 
trogram but an atrial pressure curve in the ventral 
portion of the right atrium near the displaced valve. 


CLINICAL FINDINGS 


CLINICAL SIGNS. Most affected animals are clinically 
normal as puppies and kittens. Occasionally, severely 
affected kittens present with CHF. 


FIGURE 24-59 
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` 


Angiocardiograms from two cases of congenital mitral valve malformation. (A) Transseptal 
catheterization of the left atrium demonstrating severe left atrial dilatation and a narrowed, funnel- 
shaped mitral orifice in a dog with mitral stenosis. (B) Left ventricular study in a cat demonstrates 
severe mitral regurgitation with dilatation of the left ventricle, left atrium, and left auricle (which 


projects cranially from the atrium). 


PHYSICAL EXAMINATION. Typically, a holosystolic mur- 
mur is heard best over the tricuspid valve area and 
radiates dorsally over the right hemithorax. Rarely, a 
soft diastolic rumble is auscultated, suggesting concur- 
rent valvular stenosis or severe regurgitation. The in- 
tensity of the murmur does not correlate well with 
lesion severity, and some dogs (especially puppies) 
with severe malformation have relatively soft systolic 
murmurs. In other dogs, a palpable precordial thrill 
accompanies a loud, harsh holosystolic murmur. Mur- 
murs related to other malformations may be evident. 
Jugular venous pressure is normal unless right-sided 
CHF has developed, in which case ascites (but uncom- 
monly pleural effusion) is present. 


RADIOGRAPHY. Thoracic radiographs demonstrate 
right-sided cardiomegaly, particularly right atrial en- 
largement, often with marked apex shifting to the 
left (see Figs. 7-7; 24—57B).'% '% 19 The radiographic 
interpretation can be confusing without concurrent 
echocardiography. 


ELECTROCARDIOGRAPHY. The ECG is generally abnor- 
mal, with intraventricular conduction disturbances and 
right ventricular hypertrophy evident in the left pre- 
cordial leads (Fig. 24—58B). The P waves are typically 
very wide and may be increased in voltage as well. 
Atrial arrhythmias due to atrial dilation are common. 
Ventricular pre-excitation due to anomalous atrioven- 
tricular pathways also has been recognized in dogs 
with tricuspid dysplasia, and it seems most prevalent 
with concurrent atrial septal defect (as in children) in 
Labrador retrievers. 


ECHOCARDIOGRAPHY. Definitive diagnosis requires 
echocardiography. Abnormal location, shape, motion, 


or attachment of the valve apparatus is observed by 
2-D echo. A typical finding is the presence of a large, 
fused papillary muscle instead of the normally small, 
discrete muscles. The right atrium is often cavernous, 
and the right ventricle is also dilated unless the valve 
is significantly stenotic (Fig. 24—56A). Other congenital 
lesions may be identified. M-mode echo demonstrates 
right ventricular dilation and paradoxic ventricular 
septal motion. Doppler echo demonstrates a regur- 
gitant jet, valvular stenosis, or both (see Figs. 8-18; 
24-56D). 


CARDIAC CATHETERIZATION. Catheterization is comple- 
mentary but rarely necessary if a high-quality echocar- 
diogram has been obtained. Angiography demon- 
strates a dilated ventricle, regurgitant valve orifice, and 
dilated atrium. Clearance of contrast is markedly de- 
layed with cardiac failure or severe regurgitation. Po- 
tential pressure abnormalities have been discussed pre- 
viously. 


NATURAL HISTORY OF MITRAL AND 
TRICUSPID VALVE DYSPLASIA 


Generally, the lesions are tolerated for many years; 
however, in other cases signs of progressive valve dys- 
function, cardiomegaly, atrial arrhythmias and heart 
failure and death ensue.®! '% 192. 194-198 Only the most 
severely affected animals are usually described in clini- 
cal reports, and these papers emphasized that heart 
failure and atrial arrhythmias can develop within the 
first year of life. We have observed the onset of heart 
failure from atrioventricular valve dysplasia in dogs less 
than 6 months of age and as old as 8 years of age. Cats 


526 DISEASES OF THE HEART AND CIRCULATION 


with mitral dysplasia may develop CHF early in life, 
live normally for many years before developing heart 
failure, or they may never develop clinical signs at all. 
Significant cardiomegaly suggests a guarded-to-poor 
prognosis. 


CLINICAL MANAGEMENT OF MITRAL 
AND TRICUSPID VALVE DYSPLASIA 


Treatment is supportive and similar to that described 
for chronic valvular disease (chapter 25). Surgical valve 
replacement has been done only under experimental 
conditions.’ It is conceivable that a stenotic valve 
could be surgically opened or dilated with a balloon 
valvuloplasty catheter. Treatment of congestive heart 
failure and management of atrial fibrillation are often 
required in advanced cases (see Table 24-3). 


MISCELLANEOUS CARDIAC 
DEFECTS 


Many rare anatomic lesions of the heart are beyond 
the scope of this chapter. The following section sum- 
marizes clinically relevant aspects of cardiac and peri- 
cardial defects not yet discussed. 


PERITONEOPERICARDIAL 
DIAPHRAGMATIC HERNIA 


This is a relatively common developmental anomaly 
of dogs and cats.!?% 201-208. 2% While not a true cardiac 
anomaly, it can be confused with other congenital and 
acquired conditions. It probably represents abnormal 
development of the septum transversum or pleuroperi- 
toneal folds in the fetus.”"* Typically, abdominal viscera 
are found within the pericardial sac. Defects range 
from mild cases, with only omentum and a lobe of 
liver within the hernia sac, to the presence of multiple 
organs and intestinal loops adjacent to the heart. In- 
trapericardiac cysts have also been observed in dogs, 
either in isolation or in conjunction with a hernia.” 


CLINICAL FINDINGS 


CLINICAL SIGNS. The clinical signs are variable, includ- 
ing respiratory distress, wheezing, colic, and vomiting. 
Cats frequently reach maturity without apparent symp- 
toms. A high incidence has been reported in male 
Persian cats.?°™ 


PHYSICAL EXAMINATION. The physical examination in- 
dicates that the cardiac apex is in an abnormal posi- 


tion, or there is inability to auscultate the heart sounds 
in the usual location. A soft systolic murmur may be 
evident, but the genesis of this is unknown. Louder 
murmurs are detectable in pets with concurrent con- 
genital heart defects. Borborygmus may be evident 
over the heart when there is bowel in the pericardial 
space. A palpable defect at the caudoventral midline 
or a malformation of the xiphoid or ventral abdominal 
wall is present in some cases. 


RADIOGRAPHY. Thoracic radiographs demonstrate car- 
diac silhouette enlargement and altered contour, lack 
of normal separation between the pericardial shadow 
and the diaphragm, and inhomogeneity of the appar- 
ent cardiac density. Gas may be found within the peri- 
cardium, but in cats, gas-filled intestinal loops are un- 
common and the clinician may misdiagnose the 
enlarged outline as cardiomegaly from another cause. 
The dorsal extent of the hernia is represented by a 
soft tissue density, a persistent mesothelial remnant 
ventral to the caudal vena cava on the lateral view. 
Anomalous development of the sternum may occur. 
Barium shows the position of the stomach and intes- 
tines, whereas a nonselective angiocardiogram may 
demonstrate cardiac displacement and other struc- 
tures and/or fluid within the pericardial sac. 


ECHOCARDIOGRAPHY. Echocardiographic examination 
is very useful for substantiating the diagnosis, particu- 
larly when hepatic lobes are identified within the her- 
nia sac. 


THERAPY 


Surgical reduction of the hernia and replacement 
of abdominal contents in the peritoneal space may be 
indicated.*" 2%. 28 Such surgery may decrease clinical 
signs and prevent herniation of an abdominal organ. 
One must ensure that current clinical signs are related 
to the hernia and not a concurrent disease. We prefer 
not to operate on older affected cats since they seem 
to tolerate the condition well. 


COR TRIATRIATUM 


Malformations of atrial septation other than an ASD 
have been recognized in small animals. Cor triatriatum 
has been reported in a cat”, cor triatriatum dexter 
and saccular anomalies of the caudal right atrium have 
been described in dogs and cats.”!'?'* Cor triatriatum 
is characterized by an additional, accessory atrial cham- 
ber, which is separated from the true atrium by a 
membrane, and collects the venous drainage (Fig. 24- 
60). When the membrane is obstructive, dilation of 
the venous chamber and the entering veins is evident, 
and congestion develops in the lungs or, in the case of 


a right atrial membrane, in the liver. Animals with 
cor triatriatum are examined for signs attributable to 
pulmonary edema or ascites. We have also examined 
cats with saccular dilations of the caudal right atrium 
that protruded into the left hemithorax but did not 
cause clinical signs. Treatment generally requires surgi- 
cal resection or bypass of the obstruction." *!* 


ENDOCARDIAL FIBROELASTOSIS 


Endocardial fibroelastosis has been reported in dogs 


and cats and is probably familial in some lines of 


Burmese and Siamese cats (see also chapter 28) .® 219-21 


LESIONS 


GROSS MORPHOLOGY. Findings include left ventricular 
and left atrial dilatation with severe endocardial thick- 
ening, characterized grossly by diffuse, white, opaque 
thickening of the luminal lining. Dogs with endocar- 
dial fibroelastosis often have thickening of the mitral 
valve leaflets and mitral regurgitation. 
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FIGURE 24-60 


Cor triatriatum dexter (CTD) in two dogs. (A) A two- 
dimensional echocardiogram demonstrating an obstructing 
membrane in the right atrium (arrow). This membrane 
partitions the right atrium into two chambers, producing cor 
triatriatum dexter. RV, right ventricle; RA, right atrium; LV, 
left ventricle; LA, left atrium. (B) Outline of the 
echocardiographic anatomy. LA, left atrium; LV, left ventricle; 
CdRA, caudal right atrial chamber; CrRA, cranial right atrial 
chamber; RV, right ventricle. (Courtesy of Amy Grooters, 
DVM.) (C) Caudal vena cava angiogram from another dog 
with CTD, demonstrating filling of a dilated caudal right atrial 
chamber (CdRA) located caudal to an obstructing intra-atrial 
membrane, A small communicating orifice permits blood and 
contrast medium (arrow) to pass from the caudal atrium into 
the cranial right atrial chamber. 


HISTOLOGIC FEATURES. In the cat, these include diffuse 
hypocellular, fibroelastic thickening of the endocar- 
dium, with layering of thin, randomly organized colla- 
gen and elastic fibers. Edema of the endocardium with 
dilation of lymphatics is prominent, and there is no 
evidence of myocardial inflammation or necrosis. 


CLINICAL FEATURES 


Early development of left or biventricular failure, 
generally before 6 months of age, is common. Affected 
animals fail to thrive. A murmur of mitral regurgitation 
may be auscultated. Left ventricular and atrial dilation 
are evident on radiographs and on the ECG. Limited 
echocardiographic studies suggest reduction of left 
ventricular myocardial function. Left ventricular dia- 
stolic pressures are elevated, compatible with ventricu- 
lar stiffness, ventricular failure, or volume overload 
from mitral regurgitation.” 

The diagnosis of primary endocardial fibroelastosis 
is, at times, tenuous, inasmuch as chronic left ventricu- 
lar dilatation may lead to similar changes, particularly 
in the setting of mitral dysplasia, aortic stenosis, dilated 
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cardiomyopathy, or myocarditis. Similar difficulties in 
diagnosis exist in children with this disorder.'* 
Medical treatment of congestive heart failure may 
be effective in prolonging life. However, recovery is 
unlikely in actual cases of endocardial fibroelastosis. 


VASCULAR ANOMALIES 


These may be classified based on their location 
within the vascular system. Patent ductus arteriosus 
represents the most important vascular malformation; 
aortic coarctation, hypoplasia, and interruption have 
been rarely reported. Unilateral atresia of a pulmonary 
artery has been described in a cat with respiratory 
difficulty.”? Coronary arteries can develop anoma- 
lously but rarely cause documented clinical disease 
except as previously described under pulmonic steno- 
sis. Other major vascular defects centering on the aorta 
and systemic venous drainage are addressed next. 


VASCULAR RING ANOMALIES 


Vascular ring anomalies are characterized by malfor- 
mation of the aortic fetal arch systems, with entrap- 
ment of the esophagus between the abnormal vessel (s) 
and the heart base. These vascular defects, especially 
persistence of the right fourth aortic arch, have been re- 
ported frequently in dogs and cats.'*! 13 22235 Other 
vascular ring anomalies include those formed by retro- 
esophageal subclavian arteries, double-aortic arch, or left 
aortic arch with right-sided ligamentum arteriosum. Persis- 
tent right fourth aortic arch surrounds the esophagus 
with the following structures: pulmonary artery to the 
left; ligamentum arteriosum to the left and dorsally; 
right aortic arch to the right; heart base and trachea 
ventrally (Fig. 24-61). The cardinal feature of these 
defects is regurgitation of solid food because of ob- 
struction of the esophagus, rather than circulatory 
dysfunction. The condition is common in German 
shepherd dogs and is recognized in many other canine 
breeds, including Irish setters and Great Danes (see 
Table 24-1). In the cat, the condition is uncommon. 
Occasionally, other cardiac defects are present, includ- 
ing PDA. 

Diagnosis is made from the history of regurgitation 
at the time of weaning, evaluation of thoracic radio- 
graphs, and a barium swallow. Care must be taken not 
to induce aspiration pneumonia, which many of these 
animals develop due to recurrent regurgitation and 
aspiration. Depression or fever should be taken as 
signs to initiate broad spectrum antibiotic therapy 
promptly or to perform tracheal wash and then initiate 
treatment. The characteristic indentations of the ob- 
structing components of a persistent right fourth aor- 


FIGURE 24-61 


Persistent right fourth aortic arch in a cat. The specimen is viewed 
from the right lateral perspective. The aorta arches to the right, 
entrapping the esophagus between the trachea, base of the heart, 
and the ligamentum arteriosum (not shown). The dilated proximal 
esophagus is evident at the right side of the figure. 


tic arch may be observed by esophageal endoscopy. 
Occasionally, the diagnosis is less straightforward, as 
with left arch and right-sided ligamentum arterio- 
sum,”***5! 23 and requires angiography. Differential di- 
agnosis includes esophageal stenosis or hypoplasia. 
The condition is essentially that of esophageal ob- 
struction, and significant clinical improvement can be 
obtained in many animals following surgery. Surgery 
should not be delayed and usually involves division of 
the ligamentum and blunt dissection and freeing of 
the esophagus. Residual esophageal dilation or motor 
dysfunction may be observed following surgery in 


AORTICOPULMONARY SEPTAL DEFECT 


Persistent aorticopulmonary septal defect, as op- 
posed to the PDA, is caused by failure of the truncus 
arteriosus to differentiate.'' *° Subsequently, 
shunting develops between the ascending aorta and 
pulmonary artery. Although a clinical condition simi- 
lar to that of PDA can develop, in most cases pulmo- 
nary hypertension occurs during the first year of life, 
and clinical signs are similar to those in dogs that 
develop Eisenmenger’s syndrome owing to other de- 
fects. 

Management is similar to that for a reversed PDA. 
Surgery should not be attempted if pulmonary vascu- 
lar resistance is markedly elevated; it is difficult in 
left-to-right shunting defects unless cardiopulmonary 
bypass is available. This defect is not synonymous with 
a short, wide PDA that sometimes is referred to as a 
“window.” 


VENOUS ANOMALIES 


Thoracic venous anomalies rarely cause cardiac 
problems in small animals. Total or partial anomalous 
pulmonary venous return has been reported in a dog 
and behaves functionally as a left-to-right shunt at the 
atrial level.''? Abnormalities of abdominal venous 
drainage, such as patent ductus venosus, can induce 
hepatic encephalopathy. A relatively common venous 
abnormality of clinical significance during thoracic 
surgery is the persistent left cranial vena cava.” This 
vessel, normally present in the fetus as part of the left 
cardinal venous system, may persist and drain into the 
embryologically related coronary sinus in the caudal 
aspect of the right atrium (Fig. 24—62). Persistent left 
cranial vena cava may interfere with surgical exposure, 
particularly during surgical treatment of persistent 
right fourth aortic arch, but otherwise it is of no known 
functional significance. As with right fourth aortic 
arch, this vascular anomaly is common in German 
shepherds and has been reported in other canine 
breeds, as well as in cats.** 175 237 Division of this vessel 
generally poses no clinical problem provided the nor- 
mal right cranial vena cava is also present. Absence 
of the caudal vena cava,” venous aneurysms,” 
aberrant caudal venous return via a left azygos?™® have 
been reported but are rare. 


and 
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FIGURE 24-62 


Persistent left cranial vena cava in a dog. Contrast was injected simultaneously into 
both the right and left jugular veins. The normal right cranial vena cava is evident 
(R) as well as a persistent left vena cava (L). Notice that the left vena cava empties 
in the caudal portion of the right atrium into the coronary sinus. (From Bonagura 
JD, Darke PGG. Congenital heart disease. /n Ettinger SJ, Feldman EC (eds). 
Textbook of Veterinary Internal Medicine. 4th ed. Philadelphia, WB Saunders, 
1995, p 942, with permission.) 
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CHRONIC DEGENERATIVE VALVULAR 
DISEASE 


MITRAL REGURGITATION 


Chronic degenerative valvular disease (CDVD) is the most common cause 
of cardiac disability in dogs. As many as three fourths of all dogs with 
signs of congestive heart failure suffer from mitral regurgitation caused by 
myxomatous degeneration of the valve leaflets or chordae tendineae.'” The 
mitral valve is affected either alone or together with the tricuspid valve in 
most dogs. Insufficiency of the mitral valve can also develop secondary to 
myocardial disease and other cardiac disorders, causing volume overload of 
the left side of the heart. In these circumstances, valvular insufficiency results 
from the combined effects of chamber dilatation, enlargement of the mitral 
annulus, and ventricular or papillary muscle dysfunction. Accordingly, dogs 
with a patent ductus arteriosus or dilated cardiomyopathy often develop 
mild to moderate mitral regurgitation. 

Less is known about the prevalence and causes of valvular diseases in cats, 
in which mitral regurgitation usually occurs in association with some form 
of myocardial disease. Tashjian and associates reported just 7 cases of mitral 
valvular fibrosis and 2 cases of tricuspid valvular fibrosis in 202 consecutively 
performed necropsies.® Necropsy studies of 112 cats with heart failure from 
acquired causes revealed mitral valvular fibrosis in 39 cats, papillary muscle 
fibrosis in 50, and fused chordae tendineae in 17.’ In this and subsequent 
publications, the importance of the accompanying myocardial lesions was 
emphasized, obscuring the significance of the valvular changes.”'' More 
recently, Harpster reported mitral insufficiency in 75 of 500 cats (15 per- 
cent), but he did not specify the nature of the disease process or the 
technique used to make this determination.” 

Inasmuch as many cats are presented in end-stage heart failure, the precise 
relationship between mitral regurgitation and coexisting myocardial disease 
is uncertain. In cats with hypertrophic cardiomyopathy, mitral regurgitation 
and fibrosis of the anterior mitral valve leaflet occur as unavoidable conse- 
quences of dynamic left ventricular outflow tract (LVOT) obstruction. Mitral 
regurgitation also occurs in many cats with endomyocarditis and restrictive 
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myocardial disease, in which the mitral valve leaflets, 
chordae tendineae, and papillary muscles are often 
found to be distorted by adhesions and fibrotic plaques 
(chapter 28). Congenital mitral valve malformations 
can cause valvular stenosis, insufficiency, or dynamic 
LVOT obstruction. 


ANATOMY OF THE MITRAL VALVE COMPLEX 


GROSS ANATOMY. Proper closure of the mitral valve 
requires the integrated action of the six anatomic com- 
ponents that define the mitral valve apparatus: (1) the 
mitral leaflets, (2) the chordae tendineae, (3) the mi- 
tral annulus, (4) the left atrial wall, (5) the papillary 
muscles, and (6) the left ventricular wall.'* 14 The anat- 
omy of the mitral valve is similar in humans, dogs, and 
cats (see Figs. 2-5, 2-6).!° 16 Two main cusps of the 
mitral valve can usually be identified: a large anterior 
(septal, or aortic) cusp and a smaller posterior (pari- 
etal or mural) cusp.'* 1” The anterior cusp divides the 
base of the left ventricle into an inflow region that 
receives blood from the left atrium and an outflow 
region through which blood is expelled. The bases of 
the aortic and mural cusps form approximately one 
half the circumference of the atrioventricular ring, 
with commissural cusp tissue completing the encircle- 
ment of the mitral orifice.’ 

The tips and midventricular surface of the valve 
cusps are anchored to two main papillary muscles by 
first- and second-order chordae tendineae, respec- 
tively.* !° Third-order chordae tendineae can be identi- 
fied extending from the posterior and commissural 
cusps directly to the ventricular wall. Third-order 
chordae tendineae are not normally found on the 
anterior cusp of the mitral valve. 


HISTOLOGIC ANATOMY. Histologic examination of a 
normal mitral valve leaflet reveals four distinctive 
layers." '° The aérialis consists of a thin layer of endo- 
thelial cells supported by a framework of connective 
tissue and a thin layer of smooth muscle. Beneath the 
atrialis is the spongiosa, a loose collection of collagen, 
fibroblasts, Anitschkow cells, and elastic fibers embed- 
ded in a mucopolysaccharide-rich ground substance. 
The fibrosa consists of a dense layer of compact colla- 
gen that is continuous with similar tissue in the mitral 
annulus and the central core of the chordae tendi- 
neae.!? The ventricular surface of the valve is lined by 
the ventricularis, which is structurally similar to the 
atrialis except that it lacks a distinct layer of smooth 
muscle. Vascular structures and myocardial tissue are 
present only in the basilar one third of the mitral 
valve. These tissues extend from the left atrial wall to 
a location just beneath the atrialis.!> 1°?! 

The chordae tendineae are composed of a central 
core of collagen that is arranged parallel to the long 
axis of the chordae.’ The dense, collagenous core is 


surrounded by a loose mesh of collagen, elastic fibers, 
and ground substance, which in turn is enveloped by 
an encircling layer of endothelial cells. 


NORMAL FUNCTION OF THE MITRAL VALVE 
COMPLEX 


The exact mechanism of mitral valve closure is un- 
certain and probably varies in differing circumstances, 
Each component of the mitral valve apparatus contri- 
butes to valve closure.'* 16 22 23 The left atrium plays an 
important role during the initial phases of mitral valve 
closure. As a consequence of left atrial systole, blood 
accelerates through the mitral orifice, creating an area 
of negative pressure within the inflow tract, drawing 
the mitral valve leaflets together. Eddy currents propa- 
gated in the left ventricle aid early valve closure by 
pushing the leaflets together. Atrial relaxation initiates 
reversal of the atrioventricular pressure gradient, con- 
tributing to early valve closure. Interruption of the 
coordinated sequential activation of the atrium and 
ventricle, as occurs with atrioventricular dissociation, 
can produce mild mitral regurgitation. 

Activation of the papillary muscles at the onset of 
ventricular systole draws the mitral leaflets downward 
and together. Mitral regurgitation is often observed 
when the sequence of activation of the papillary mus- 
cles and the left ventricular wall is altered, as occurs 
with ventricular ectopic beats or ventricular asynergy 
from any cause. As systole proceeds, rising pressure 
within the ventricle results in firm coaptation of the 
valve leaflets. The tendency of the valve leaflets to evert 
into the atrium during ventricular systole is opposed 
by the chordae tendineae, the papillary muscles, and 
the buttressing action of the coapted valve leaflets.” As 
the ventricle contracts, constriction of the mitral annulus 
reduces the area the mitral leaflets must bridge. 

The functional interdependence of the various com- 
ponents of the mitral valve complex is best illustrated 
by the observation that valvular insufficiency caused by 
failure of any one of these structures results in progres- 
sive valvular incompetence from the induced malfunc- 
tion of the remaining elements. Damage to the valvular 
tissue or the supporting chordae tendineae, resulting 
in valvular insufficiency, induces left atrial and left 
ventricular enlargement and mitral annulus dilatation. 
These changes cause malalignment of the papillary 
muscles, causing a further increase in the regurgitant 
volume. By these mechanisms, progressive enlarge- 
ment of the left side of the heart and dilation of 
the mitral annulus establish a never-ending cycle of 
worsening disease (“mitral regurgitation begets mitral 
regurgitation’”’).”° 


PATHOLOGY OF CHRONIC VALVULAR 
DISEASE IN DOGS 


Myxomatous degeneration best describes the histologic 
valve changes in dogs with chronic degenerative valvu- 
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lar disease, or CDVD* (also termed endocardiosis) 
(chapter 37). Similar changes are reported in humans 
with the mitral valve prolapse syndrome and in patients 
experiencing spontaneous rupture of a chorda.?®-*° 
The progression of CDVD in dogs, once referred to as 
warty valve disease, has been most thoroughly de- 
scribed by Whitney,*! Buchanan,* and Kogure.* 

The earliest changes, designated as type I lesions, 
consist of a few small, discrete areas of opacity or 
nodules in the area of valvular apposition opposite the 
site of origin of the chordae tendineae. In type II 
lesions, the nodules have become larger and more 
numerous and have started to coalesce. The chordae 
tendineae are usually unaffected at this stage, and 
clinical evidence of valvular regurgitation is generally 
lacking. Type II lesions are characterized by large 
nodules or plaquelike deformities resulting from the 
further coalescence of lesions. The chordae tendineae 
are thickened where they attach to the valve leaflet. At 
this stage, the valve has become noticeably thickened 
and is less flexible than normal.‘ The basal portion of 
the valve is now affected, and areas of calcification and 
hemorrhage may be observed within the valve stroma. 
Valvular insufficiency is often present at this stage. In 
dogs with type IV lesions, the valve cusps are con- 
tracted and grossly distorted. The free valve edges may 
be rolled upward; chordae tendineae are thickened 
proximally, are often elongated, and are occasionally 
ruptured. At this stage of the disease the valve may 
be described as “ballooning,” “parachute-like,” or as 
“billowing sails,”* and valvular insufficiency is usually 
present (Fig. 25-1). 

It is important to recognize that these pathologic 
changes are not confined to the mitral valve. Buchanan 
reported the incidence of valve involvement in dogs 
with chronic valvular disease as follows: mitral valve 
alone, 62 percent; mitral and tricuspid valves, 32.5 
percent; mitral and aortic valves, 2.5 percent; tricuspid 
valve alone, 1.3 percent; and aortic valve alone, 1.3 
percent.* Similar findings have been reported by 
others. 1-3, 32-37 

The prevalence and severity of myxomatous degen- 
eration lesions increase with advancing age. 4 3%-37 
Early valve lesions, consisting mainly of proliferations 
of the endothelium and of the underlying fibroelastic 
tissue in areas of valvular contact, cannot be distin- 
guished from normal aging changes. Type I and type 
II lesions are compatible with normal aging except 
that they occur at an inappropriately early period of 
life.t -1 In type III and type IV lesions, the most 
prominent histologic features include degeneration of 
the fibrosa and thickening of the spongiosa. Collagen 
bundles in the fibrosa lose their cross-striations, be- 
come hyalinized and disorganized, and may disinte- 
grate and disappear.* Acid mucopolysaccharides accu- 
mulate within the fibrosa, displacing fragments of 
disrupted collagen into the central pdértion of the dys- 


trophic valve. The spongiosa becomes tremendously 
thickened as a result of edema and accumulations 
of the acid mucopolysaccharides, hyaluronic acid and 
chondroitin sulfate." As the lesions progress, the 
distinction between the spongiosa and fibrosa becomes 
difficult to make. 

Other morphologic changes reported in dogs with 
mitral regurgitation include left atrial dilatation, dilata- 
tion of the mitral annulus, and eccentric hypertrophy 
of the left ventricle.* Jet impact lesions, Zahn-Schmin- 
cke patches, and endomyocardial tears are observed 
in the left atrium of some affected dogs.* *” Substantial 
lipid and amyloid accumulations are present in the 
valves of some dogs.** ° Intramural coronary arterio- 
sclerosis and focal myocardial fibrosis are common in 
dogs with chronic valvular disease.** * These lesions 
may be due to vascular remodeling induced by angio- 
tensin II. 


ETIOLOGY OF CHRONIC DEGENERATIVE 
VALVULAR DISEASE (MYXOMATOUS VALVULAR 
DEGENERATION) 


The etiology of chronic degenerative valvular disease 
(CDVD) has not been ascertained. Some investigators 
believe that collagen dissolution is the basic pathologic 
process responsible for myxomatous degeneration 
(MXD), and the term ‘“‘dyscollagenosis” was coined to 
describe this proposed pathologic process.”' Bu- 
chanan‘ suggested that a genetically influenced degen- 
eration of collagen might be responsible for MXD 
in dogs. This attractive theory is supported by the 
observations that chondrodystrophic breeds are predis- 
posed to CDVD, and these same breeds are also predis- 
posed to other connective tissue-related disorders 
such as intervertebral disc disease, ruptured cruciate 
ligaments, collapsing airways, and periodontal disease. 

Collagen metabolism is a balance between synthesis 
and lysis, and both processes are regulated by a num- 
ber of modifying influences. It is not known whether 
collagen dissolution in degenerative valve disease re- 
sults from a primary disorder of collagen synthesis, 
collagen content, organization of collagen (arrange- 
ment of fibers), or abnormal collagenase activities. 
Over 275 different mutations in the genes for types I, 
If, WI, IX, X, and XI collagens have been identified in 
humans.” Most of the mutations involve a single base, 
thereby changing the codon of a critical amino acid. 
Most of the amino acid substitutions are those of a 
bulkier amino acid for the obligatory glycine of the 
repeating Gly-X-Y sequence of the collagen triple helix. 
The valves of the heart are composed mainly of type I 
and type II collagen.” Defects of type I or type III 
collagen have been identified in human patients with 
chondrodysplasia, mitral valve prolapse, and Ehlers- 
Danlos syndrome.***® Accumulations of procollagen 
have been measured in human patients with MXD 
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associated with mitral valve prolapse, but this finding 
may simply indicate the production of new collagen as 
part of an attempted repair process.*” 58 As yet, no one 
has identified a specific collagen abnormality in dogs 
with valvular MXD. 

Increased enzymatic lysis of collagen and elastin has 
been proposed as a cause of myxomatous degeneration 
of the heart valves and as a cause of ruptured chordae 
tendineae in humans.” Recent studies of other con- 
nective tissue diseases suggest a possible pathogenic 
role for one or several different matrix metalloprotei- 
nases (MMP).°! Collagen lysis can be induced by exces- 
sive tissue activity of MMP 1 (collagenase). This en- 
zyme is regulated, in part, by the naturally occurring 
tissue inhibitor of MMP 1, referred to as TIMP-1. Oth- 
ers have suggested that excessive production of proteo- 
glycans is the primary biochemical defect in dogs with 
CDVD.” According to this hypothesis, large accumula- 
tions of proteoglycans interfere with the normal assem- 
bly of collagen and elastin fibers. Mitral valve prolapse 
also occurs in Marfan’s syndrome patients. Etiology 
involves mutations in the fibrillin-1 gene, a constituent 
of the microfibrillar scaffolding required for the assem- 
bly of elastic fibers.” 

Other proposed causes of chronic valvular disease 
in dogs include stress, hypertension, hypoxia, prior 


FIGURE 25-1 


Pathology of chronic degenerative valvular disease 
(myxomatous degeneration) in three dogs. (A) 
Mitral valve leaflets are markedly thickened and 
distorted, which has been likened to “billowing 
sails.” (B) A flail anterior mitral valve leaflet caused 
by rupture of three chordae tendineae (arrows) is 
shown from the aspect of the left atrium. The 
leaflet edge is thickened and rounded. (C) 
Following removal of both atria, the atrioventricular 
valves can be viewed from above. Notice the marked 
degeneration of the mitral valve (left) and of the 
septal leaflet of the tricuspid valve (right). Closer 
inspection at necropsy revealed rupture of several 
mitral and tricuspid valve chordae tendineae. 


viral or bacterial infection, and a variety of endocrine 
abnormalities.* There is little evidence to support the 
hypotheses that prior bacterial infection or immune- 
mediated phenomena play a substantial role in the 
disease process. Several investigators have suggested 
a link between hyperadrenocorticism and MXD.* ® 
Experimental studies in dogs suggest that stress 
(ACTH, cortisol) can induce lesions morphologically 
similar to those of MXD. In cultured human fibro- 
blasts, dexamethasone treatment decreases synthesis of 
procollagen and causes down regulation of TIMP-1 
synthesis, tilting the balance of collagen metabolism 
away from accumulation.” Tissue growth factor-beta 
has the opposite effect as it stimulates the synthesis of 
procollagen and TIMP-1. Angiotensin II and aldoste- 
rone also stimulate collagen synthesis, while angioten- 
sin II additionally inhibits MMP-1 activity, the key en- 
zyme for degradation of fibrillar collagen in the 
cardiac interstitium. The increased incidence and se- 
verity of MXD in male dogs supports a role for other 
hormonal influences on CDVD as well.* The signifi- 
cance of the amyloid deposits in the valves of a small 
percentage (5 percent) of dogs with CDVD is un- 
known.* *: * The pathology and pathogenic mecha- 
nisms of acquired valvular disease in cats have not 
been characterized.*” ® 
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EPIDEMIOLOGY OF CHRONIC DEGENERATIVE 
VALVULAR DISEASE 


In the 1960s, the prevalence of CDVD, determined 
clinically in a diverse population of dogs presented to 
a teaching hospital in the United States, was reported 
to be 8.3 percent. ? The prevalence of CDVD was 
shown to increase with advancing age, so that approxi- 
mately 10 percent of dogs 5 to 8 years old, 20 to 25 
percent of dogs 9 to 12 years old, and 30 to 35 percent 
of dogs over 13 years old exhibited murmurs.” Small 
breed dogs, such as toy and miniature poodles, minia- 
ture schnauzers, Pomeranians, Chihuahuas, cocker 
spaniels, Pekingese, fox terriers, and Boston terriers, 
were found to be predisposed to CDVD; and male 
dogs were affected more frequently than female dogs 
(1.5 to 1.0 male to female ratio).} 4 Other investiga- 
tors reported prevalence data for CDVD ranging from 
11 to 42 percent.* "+ 35, 5% 7 Many of these studies 
reported the prevalence of degenerative valve changes 
at necropsy rather than the clinical prevalence of valvu- 
lar insufficiency. 

Recent epidemiologic studies of CDVD, conducted 
mainly in the United Kingdom and Sweden, have fo- 
cused on the cavalier King Charles spaniel breed. A 
high prevalence of mitral regurgitation in this breed 
was first reported in 1985 by Thrusfield and col- 
leagues.”’ Soon thereafter, Darke” reported that car- 
diac murmurs were present in 59 percent of cavaliers 4 
years of age and older, based on physical examinations 
performed at dog shows. In Sweden, which has a popu- 
lation of cavalier King Charles spaniels almost entirely 
emanating from the United Kingdom, cardiac mur- 
murs were detected in 42 percent of dogs 4 years of 
age or older.” Echocardiographic examination of 150 
cavaliers with heart murmurs confirmed that chronic 
valvular disease is the dominant cause of murmurs in 
the breed (Kvart C, Häggström J. Unpublished data). 

The percentage of cavalier King Charles spaniels 
with a heart murmur was shown to depend on the age 
distribution of the dogs examined.” If a group of 
very young cavaliers is examined, a low prevalence of 
murmurs will be found, whereas a group of older dogs 
will have a very high prevalence of murmurs. The 
cumulative frequency of heart murmurs in relation to 
age groups is shown in Figure 25-2. From these data, 
approximately 50 percent of 7.5-yearold cavaliers 
would be expected to have a heart murmur. In a 
group of 10-year-old cavaliers, 85 percent would have 
murmurs. One study of 61 randomly selected cavaliers 
(mean age of 6.4+2.8 [SD] years) revealed that 52 
percent had heart murmurs. In a 1993 study per- 
formed in the United States, Beardow and Buchanan” 
reported that 56 percent of cavaliers over 4 years of 
age and 100 percent of those 10 years old or older had 
murmurs. A lower prevalence was reported from a 
smaller survey in Australia.” The age-adjusted preva- 


lence of mitral regurgitation in different age groups 
of cavaliers, based on surveys conducted in the United 
Kingdom, Sweden, Australia, and the United States, is 
shown in Figure 25-3. Clearly, the prevalence of 
chronic valvular disease in a given population depends 
on breed popularity and the age distribution of the 
dogs in that population. 


PATHOPHYSIOLOGY OF MITRAL 
REGURGITATION 


During the early stages of myxomatous degenera- 
tion, the mitral valve remains competent, no murmur 
is present, and no hemodynamic alterations occur. 
Eventually, the mitral valve begins to leak, a systolic 
murmur develops, and an increasing percentage of left 
ventricular output is ejected into the left atrium. The 
tendency for forward output to decline is compensated 
for by the Starling, renal, and neurohormonal mecha- 
nisms, and by eccentric hypertrophy of the left ventri- 
cle (chapters 3, 11). These compensatory processes 
are able to maintain normal cardiac output for a long 
period of time, often months or years, even when the 
regurgitant volume is large." *4 Decompression of the 
left ventricle into the low-pressure left atrium results 
in rapidly declining left ventricular wall tension and 
an increase in the velocity and extent of myocardial 
fiber shortening.”* ” Myocardial oxygen consumption 
rises only modestly as it is determined mainly by heart 
rate, contractility, and myocardial wall tension and is 
little affected by the increased work accomplished by 
fiber shortening.” 


DETERMINANTS OF REGURGITANT VOLUME. As described 
by Gorlin’s hydraulic equation, the volume of mitral 
regurgitant flow depends on the regurgitant orifice 
area (ROA), the pressure gradient between the left 
atrium (LA) and the left ventricle (LV), and the dura- 
tion of systole.*?** Of these factors, ROA is quantita- 
tively most important. The size of the regurgitant ori- 
fice depends on the severity of valve damage, the 
integrity of the chordae tendineae, and the combined 
effects of left atrial dilatation, annular dilatation, and 
ventricular dilatation on valvular function. The LV-LA 
pressure gradient and ROA are dynamic quantities 
that change as systole proceeds.* The ROA tends to 
decrease as LV diameter gets smaller. Increased pre- 
load or afterload and decreased myocardial contractil- 
ity increase regurgitant volume as they increase LV size 
and ROA over the systolic time interval.* 4+ Diuretics 
and venodilators decrease LV size and the regurgitant 
orifice at the onset of systole. Arterial vasodilators and 
positive inotropic drugs increase the rate of myocardial 
fiber shortening, causing the LV dimensions and ROA 
to decrease at a faster rate. These effects have been 
convincingly and elegantly demonstrated in dogs with 
experimentally induced mitral regurgitation.™ °°” 
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FIGURE 25-2 


Estimation of the age at which 50% of cavalier King 
Charles spaniels have developed heart murmurs. 
Solid line shows the estimated cumulative function of 
heart murmurs by age. Points show the percentage 
of dogs with detected heart murmurs in different 
age groups from 494 examined Swedish cavalier 
King Charles spaniels. (From Häggström J, Hansson 
K, Kvart C, et al. Chronic valvular disease in the 
cavalier King Charles spaniel in Sweden. Vet Rec 
131:549, 1992.) 
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Since the mitral regurgitant orifice and root of the 
aorta are in parallel, the ratio of forward blood flow 
to regurgitant flow depends on the ratio of aortic 
impedance to regurgitant impedance.** Increased sys- 
temic arteriolar resistance results in diminution of for- 
ward flow and causes regurgitant flow into the left 
atrium to increase. Conversely, the administration of 
arteriolar vasodilators decreases the volume of regurgi- 
tant flow independent of any change in the mitral 


Age (Yrs) 


regurgitant orifice.** Thus, there are two mechanisms 
of action for the vasodilating drugs: (1) reduction in 
ROA as a consequence of reduced ventricular size, and 
(2) reduction of the systolic LV-LA pressure gradient 
as a consequence of reduced aortic impedance. The 
first mechanism predominates in experimental mod- 
els** 87 8 of acute mitral regurgitation, but the relative 
importance of these mechanisms could differ in dogs 
with more chronic disease. 


LEFT ATRIAL COMPLIANCE. When left atrial pressure 
rises sufficiently, pulmonary congestion develops, ac- 
companied by the usual signs of left-sided congestive 
heart failure (CHF). Mean left atrial pressure is depen- 
dent on (1) the volume of regurgitant flow, (2) the 
output of the right side of the heart, (3) left ventricular 
diastolic pressure, and (4) the compliance of the left 
atrium.” Severe pulmonary congestion is most likely 
to develop when left atrial compliance is low and the 
regurgitant orifice is large.”* °° These conditions are 
present when a previously compensated patient suffers 
sudden rupture of a chordae tendineae. When severe 
mitral regurgitation develops over a long period of 
time, the dilated left atrial chamber becomes more 
compliant, buffering the pressure rise in the atrium as 
0 it compensates to provide an adequate ventricular fill- 
ing volume. As a result, left atrial pressure may be only 
slightly elevated even in the face of massive regurgitant 
volumes. Left atrial pressure is also dependent on myo- 
cardial contractility and left ventricular compliance. 
When contractility declines in patients with CDVD, 
signs of pulmonary congestion are usually already evi- 
dent. 
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FIGURE 25-3 


Estimation of the age at which 50% of cavalier King Charles 
spaniels have developed heart murmurs. Solid lines show the 
estimated cumulative functions of heart murmurs by age from 
studies in the United Kingdom (UK), Australia, Sweden, and USA. 
The investigation in the UK, Sweden, and USA is based on 
sufficient numbers of observations, whereas more cases need to be 
recorded in the older age group in Australia. (From Häggström J, 
Hansson K, Kvart C, et al. Chronic valvular disease in the cavalier 
King Charles spaniel in Sweden. Vet Rec 131:549, 1992.) 


ATRIOVENTRICULAR COUPLING. Cardiac performance 
in dogs with mitral regurgitation is extremely depen- 
dent on the optimized preload provided by an appro- 
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priately timed “atrial kick.” During chronic mitral re- 
gurgitation, the left atrium enlarges in size and mass 
as it develops a more powerful booster action.” Loss 
of this augmented booster pump action can be cata- 
strophic in dogs with severe mitral regurgitation. Atrial 
fibrillation in dogs with severe mitral regurgitation is 
usually heralded by sudden cardiac decompensation 
and the development of pulmonary congestion and 
signs of low cardiac output. The consequences of atrial 
fibrillation in dogs with experimentally induced mitral 
regurgitation include a 15 to 39 percent decline in 
cardiac output, a 22 to 65 percent fall in stroke volume, 
and a 2.5 to 9.5 mmHg increase in pulmonary capillary 
wedge pressure.”' Maintenance of sinus rhythm should 
be a high priority in the management of dogs with 
mitral regurgitation. 


NEUROHORMONAL RESPONSES. Moderate to severe 
heart failure in dogs with experimentally created or 
naturally occurring mitral regurgitation is accompa- 
nied by increased sympathetic nervous system activity 
and activation of the renin-angiotensin-aldosterone (R- 
A-A) system.”” Diuretic treatment further intensifies 
the activity of the R-A-A system.” Activation of plasma 
and tissue R-A-A systems stimulates expansion of the 
plasma volume, increases preload and afterload, and 
induces remodeling of vascular and myocardial tissues. 
A positive feedback loop is established in which mitral 
regurgitation results in progressive ventricular enlarge- 
ment and declining cardiac performance; this, in turn, 
leads to increasingly severe mitral regurgitation. 

The precise sequence and extent of neurohormonal 
activation in the early stages of degenerative valvular 
disease has not yet been clearly elucidated. In part, this 
is due to technical difficulties in obtaining accurate 
measurements of the resting plasma concentrations of 
these episodically released hormones.**** Pedersen 
and colleagues found increased plasma renin activity 
and elevated concentrations of aldosterone in asymp- 
tomatic and mildly symptomatic cavaliers with 
CDVD.” °° In apparent contradiction, Swedish investi- 
gators reported the findings of low plasma concentra- 
tions of angiotensin II and aldosterone in cavalier dogs 
with CDVD 1 year before, 1 to 6 months before, and 
at the onset of interstitial pulmonary edema (mild 
CHF, Fig. 25-4).°” Based on these studies, they con- 
cluded that fluid retention in the early stages of devel- 
oping heart failure may not be caused by activation of 
the plasma R-A-A system and that other mechanisms 
may be responsible for early sodium and water reten- 
tion in dogs with mitral regurgitation.” °° They further 
hypothesized that increased circulating concentrations 
of the atrial natriuretic peptide (ANP) effectively sup- 
press the plasma R-A-A system in dogs with early, com- 
pensated CDVD. Several studies have confirmed that 
plasma concentrations of ANP and N-terminal pro- 


atrial natriuretic peptide (NT-proANP) are elevated in 
dogs with mitral regurgitation prior to the develop- 
ment of overt congestive heart failure.** ° Further 
research is needed to determine the nature, extent, 
and clinical relevance of neurohormonal activation in 
dogs with early, compensated mitral insufficiency. 


MYOCARDIAL CONTRACTILITY. In humans with mitral 
regurgitation, myocardial contractility is assessed pri- 
marily to determine the advisability of mitral valve 
replacement. '°°'% Preoperative myocardial contrac- 
tility has been shown to be an important determinant 
of left-sided heart function postoperatively, and it is of 
substantial value in predicting the surgical outcome. 
The assessment of myocardial contractility in dogs with 
mitral regurgitation has also received considerable at- 
tention, despite the fact that reparative surgery is 
rarely performed.* ! Such data have been mainly used 
to argue for or against the use of positive inotropic 
drugs (digoxin) in dogs with mitral regurgitation. 

The medical treatment of dogs with mitral regurgita- 
tion is not based on or determined by echocardio- 
graphic measures of myocardial contractility for several 
reasons. First, the ability of inotropic drugs to reduce 
regurgitant volume is not predicated on the status of 
myocardial contractility. Regurgitant volume decreases 
with positive inotropic treatment, even when myocar- 
dial contractility is normal.” Second, intrinsic myocar- 
dial contractility is very difficult to measure in dogs 
with mitral regurgitation. In dogs with chronic mitral 
regurgitation, myocardial contractility decreases slowly, 
but progressively and inexorably.’ 1°" This decline in 
contractility has been termed the cardiomyopathy of vol- 
ume overload (see Fig. 33-1).""' As a final consideration, 
the only positive inotropic agent currently available for 
chronic oral therapy is digoxin, which is a relatively 
weak positive inotrope. Treatment responses to di- 
goxin are often attributed to its pronounced modulat- 
ing influence on the autonomic nervous system or to 
other extracardiac effects (chapter 12). 

Several factors unique to the condition of mitral 
regurgitation tend to obscure any decline in myocar- 
dial contractility. Traditional measurements used to 
describe ventricular function in other cardiac disor- 
ders, such as dilated cardiomyopathy, are not valid in 
patients with mitral regurgitation.” The ejection phase 
indices (ejection fraction, shortening fraction, mean 
velocity of circumferential fiber shortening) are in- 
creased relative to the true level of myocardial contrac- 
tility, in part because of the unique loading conditions 
present in mitral insufficiency. Fiber shortening in 
dogs with mitral regurgitation is greatly augmented by 
increased preload (the Frank-Starling mechanism) and 
by reduced afterload (ventricular ejection into a low- 
pressure reservoir, the atria). 

Myocardial contractility can be accurately assessed 
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in patients with mitral regurgitation only by methods 
that take into account cardiac loading conditions. This 
can be accomplished by determination of the mass- 
corrected end-ejection wall stress-volume relationship 
(EESVR), but this procedure is very cumbersome.'!” 113 
The end-systolic wall stress/end-systolic volume ratio 
and end-systolic volume index are less accurate esti- 
mates of left ventricular function than EESVR, but they 
appear to be more useful indicators of contractility 
than the isovolumetric or ejection phase indices.!°'™ 
It is important to recognize that increased sympathetic 
nervous system activity can obscure the intrinsic de- 
cline in myocardial contractility occurring in dogs with 
mitral regurgitation. Acute B-adrenergic receptor 
blockade in dogs with chronic mitral regurgitation 
reveals a substantial reduction of the mass-corrected 
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FIGURE 25-4 


Plasma N-terminal proatrial natriuretic peptide (NT-proANP, 
top left), angiotensin II (bottom), and aldosterone (top, right) 
concentrations in cavalier King Charles spaniels 1 year before 
decompensation (situation 0); at 6 months before 
decompensation (situation 1); and at early decompensated 
CHF (situation 2). Data are presented as values for cach dog 
plotted at each situation and as a geometric mean, with error 
bars representing SD. Notice the logarithmic scale, the 
increase in plasma NT-proANP concentration with 
progression of valvular regurgitation, and the decrease in 
plasma angiotensin II and aldosterone concentrations in early 
decompensated CHF (situation 2). (From Haggstrém J, 
Hansson K, Kvart C, et al. Effects of naturally acquired 
decompensated mitral valve regurgitation on the renin- 
angiotensin-aldosterone system and atrial natriuretic peptide 
concentration in dogs. Am J Vet Res 58:77, 1997.) 


slope of the end-ejection  stress-volume relation 
(EESVR). This unmasks the intrinsic depression of 
myocardial contractility not readily apparent prior to 
B-adrenergic blockade.'* Thus, the severity of intrinsic 
myocardial impairment in dogs with naturally oc- 
curring mitral regurgitation has probably been 
underestimated.” 1% 

The severity of clinical signs in dogs with CDVD and 
mitral regurgitation is not necessarily a reflection of 
myocardial function. Although progressive myocardial 
failure clearly contributes to the eventual clinical dete- 
rioration, severe pulmonary congestion may develop 
as a consequence of mechanical regurgitation of blood 
into the left atrium in the absence of myocardial fail- 
ure (e.g., with traumatic rupture of a papillary muscle 
or sudden rupture of a chordae tendineae). "4 15 


544 DISEASES OF THE HEART AND CIRCULATION 


HISTORY AND CLINICAL SIGNS 


Most clinical signs of mitral regurgitation result from 
pulmonary congestion (chapters 4, 5). Therefore, 
most dogs are presented for respiratory distress. 
Coughing is a common but nonspecific sign of devel- 
oping heart failure in dogs, but not cats. Many older, 
small breed dogs cough because of chronic bronchitis 
or from a collapsing trachea. When coughing results 
from heart failure, there is usually an elevated respira- 
tory rate (tachypnea) and increased respiratory effort 
(dyspnea). However, cough without dyspnea often oc- 
curs with severe mitral regurgitation and is thought to 
result from compression of the left main stem bron- 
chus by an enlarged left atrium. Some dogs with CHF 
become restless at night, are unable to sleep, and 
experience orthopnea (i.e., have more difficulty breath- 
ing lying down than sitting or standing). Paroxysmal 
nocturnal dyspnea refers to severe attacks of orthop- 
nea that occur several hours after the onset of sleep. 
When accompanied by audible wheezing, these epi- 
sodes have been referred to as cardiac asthma. 

Right-sided heart failure occurs in some dogs with 
CDVD due to myxomatous degeneration of the tricus- 
pid valve (and resultant volume overload), as a conse- 
quence of pulmonary hypertension, or a combination 
of these disorders. Severe pulmonary hypertension oc- 
curs in a small minority of patients with chronic mitral 
regurgitation. Most of these dogs have serious underly- 
ing pulmonary disease. Rarely, signs of right-sided 
heart failure result from cardiac tamponade caused by 
a left atrial tear.” "° The development of ascites is 
usually accompanied by signs of low-output heart fail- 
ure and a decline in the severity of pulmonary conges- 
tion, regardless of etiology. 

Generalized muscle weakness and progressive exer- 
cise intolerance become evident when forward output 
is impaired. This may result from severe valvular regur- 
gitation, pulmonary hypertension, and/or declining 
myocardial contractility. Syncope tends to occur pri- 
marily when cardiac output declines precipitously. It is 
an uncommon sign in dogs with CDVD and is usually 
associated with a serious cardiac arrhythmia or parox- 
ysms of coughing. Other causes are described in chap- 
ter 22. 

Various schemes have been proposed to classify dogs 
with CDVD into disease stages. These are largely based 
on the attendant severity of clinical signs and/or radio- 
graphic findings. !”"°? The most familiar scheme for 
humans with heart failure was developed by the New 
York Heart Association (NYHA classes I-IV). A modifi- 
cation of this scheme is often used to classify dogs with 
heart disease (chapter 12).'° Unfortunately, its clinical 
utility is limited by the paroxysmal nature of clinical 
signs in dogs, and the difficulties in detecting and 
quantifying subtle exercise limitations. 


PHYSICAL EXAMINATION 


Cardiac auscultation by a skilled examiner is the 
most practical and economic diagnostic method for 
detecting mitral regurgitation (chapter 5). The classic 
murmur of mitral regurgitation is holosystolic, con- 
stant in intensity, of mixed frequency, and loudest at 
the left apex (see Figs. 5-10, 5-11, 5-12).11% 119 121,122 A 
soft, grade 1 of 6, systolic murmur over the mitral area 
(see Fig. 5-7) is the first clinical finding for CDVD. In 
some mildly affected dogs, the murmur occurs only 
intermittently at the end of inspiration. A mid or late 
systolic click or a click-emurmur can sometimes be aus- 
cultated prior to the development of a holosystolic 
murmur. Presumably, the mechanism of the click-mur- 
mur in dogs is similar to what occurs in human patients 
with mitral valve prolapse.?” * 116, 123 

In cavalier King Charles spaniels, there is a strong 
relationship between murmur intensity, heart size, se- 
verity of regurgitation, and NYHA class of heart failure 
(Fig. 25-5).” 3 Cavaliers with a murmur of grade 
3/6 or less and a clearly audible second heart sound 
are likely to have mild disease (NYHA class I or II, 
Fig. 25-6). With disease progression, the murmur 
becomes louder, the second heart sound becomes 
softer or inaudible, and a gallop heart sound may be 
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FIGURE 25-5 


Mean left ventricular end-diastolic diameter (LVEDD) and left 
atrial ratio (La/Ao-d) echo measurements in 79 cavalier King 
Charles spaniels divided in 4 groups according to auscultated 
intensity of the heart murmur (grades 0-6) over the mitral area. 
Dogs with moderate-intensity (grades 3 and 4) and high-intensity 
(grades 5 and 6) murmurs differed significantly from both normal 
dogs and dogs with low-intensity murmurs (p<.001). The La/Ao-d 
and LVEDD were significantly (p<0.001) greater in dogs with high 
intensity murmurs (grades 5 and 6) than in dogs with moderate 
intensity murmurs (grades 3 and 4). Error bars represent + SEM. 
(From Häggström J, Kvart C, Hansson K. Heart sounds and 
murmurs: changes relate to severity of chronic valvular disease 
(CVD) in the cavalier King Charles spaniel. J Vet Intern Med 9:75, 
1995.) 
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FIGURE 25-6 


(A) Distribution of cavalier King Charles spaniels with S3 detected 
by phonocardiography in each heart failure class. (B) An S; was 
found among dogs with echocardiographic evidence of 
cardiomegaly (increased LVEDD and La/Ao-d). Small points 
represent dogs with no Ss, and large points represent dogs with S; 
present. The cllipsoids represent where confidence curves within 
each 90% of the data for each group (dogs exhibiting S, and dogs 
without S,) are expected to be located. (From Häggström J, Kvart 
C, Hansson K. Heart sounds and murmurs: changes relate to 
severity of chronic valvular disease (CVD) in the cavalier King 
Charles spaniel. J Vet Intern Med 9:75, 1995.) 


auscultated (see Fig. 5-10). > An S heart sound is 
often mistaken for the second heart sound when S 
is obscured by the holosystolic murmur.''® '?? With 
experience, gallop sounds can be readily identified as 
they are lower pitched than S, sounds and heard loud- 
est at the cardiac apex. 

Murmur intensity is a less reliable indicator of dis- 
ease severity when a variety of breeds with differing 
conformations are examined. Occasionally, a loud, 


high-pitched, musical murmur, best described as a 
whoop or “sea gull-type” sound, is auscultated in a 
dog with mild to moderate valvular insufficiency. In 
such cases, systolic high-frequency vibrations of one of 
the mitral valve leaflets can often be documented by 
echocardiography.'** Murmur intensity often varies 
with changes in contractility or loading conditions. 
Mitral regurgitation murmurs tend to become louder 
with exercise or excitement, and they may become soft 
or disappear when severe heart failure develops."'® 

The murmur of mitral regurgitation is usually best 
heard at the left 5th intercostal space (see Fig. 5-7), 
but dorsal, cranial, caudal, or rightward radiation of 
the murmur is common. It is particularly difficult to 
determine whether murmurs heard over the tricuspid 
valve area originate from that valve or whether they 
are referred from an incompetent mitral valve.*:* 116.121 
Clinical evidence of tricuspid regurgitation, such as 
jugular pulsations, or radiographic or echocardio- 
graphic evidence of tricuspid insufficiency is often re- 
quired to establish the diagnosis. Cardiac arrhythmias 
usually interrupt the predominating cadence of the 
heart, create abnormal pauses in the rhythm, and alter 
the intensity of both murmurs and transient heart 
sounds. 


ELECTROCARDIOGRAPHY 


Electrocardiograms are frequently normal in dogs 
with mitral regurgitation, even when cardiomegaly can 
be demonstrated on radiographs or an echocardio- 
gram.'*5-!27 They may be more valuable when sequen- 
tial recordings are performed.''® At other times, P- 
wave prolongation (p-mitrale, >0.04 sec in dogs, >0.03 
sec in cats) may be present due to left atrial enlarge- 
ment (see Figs. 6-14B, 6-36). Left ventricular enlarge- 
ment is suggested by prolongation of the QRS complex 
(>0.04 sec in cats, >0.06 sec in dogs) or by increased 
R-wave amplitude in leads II, III, and AVF (wave >0.9 
mV in cats, >3.0 mV in dogs) (see Figs. 6-16, 6-39). 
The mean electrical axis is usually normal. Nonspecific 
ST segment and T-wave changes, reflecting the pres- 
ence of hypertrophy, hypoxia, drug, and electrolyte 
alterations, may be observed. 

Sinus rhythm (cats), sinus arrhythmia (dogs), or 
sinus tachycardia predominates in animals with mitral 
regurgitation. Heart rate and heart rate variability are 
not altered in dogs with slight to moderate left atrial 
and ventricular dilatation. However, heart rate is in- 
creased and heart rate variability is reduced once clini- 
cal signs of congestive heart failure are observed.'** 
Premature ventricular and supraventricular beats are 
the most common rhythm disturbances recorded in 
dogs with mitral regurgitation.* '* Atrial fibrillation 
develops in a small but substantial number of dogs 
with severe CDVD and is observed most often in male 
dogs with severe regurgitation and marked left atrial 
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enlargement.* * 16. 129 The onset of atrial fibrillation 
is usually accompanied by marked clinical deteriora- 
tion.’ "ë Paroxysmal or sustained supraventricular 
tachycardia, ventricular tachycardia, and other arrhyth- 
mias occur less frequently. 


RADIOGRAPHY 


Left atrial enlargement is the earliest and most con- 
sistent radiographic feature of mitral regurgitation 
(chapter 7).''"'% 15 Tn the dorsoventral projection, 
the enlarged left auricle is initially recognized as a 
slight bulge protruding from the left cranial border of 
the heart, from the 2 to 3 o’clock position, using the 
clock face analogy (see Figs. 7-1C, 7-4B; and 25-7). 
Additional left atrial enlargement is usually accompa- 
nied by radiographic evidence of left ventricular en- 
largement. The entire left border of the heart becomes 
more convex, and the left atrial bulge may be obscured 
from view as the left ventricle enlarges. The enlarged 
cardiac silhouette eventually occupies a greater pro- 
portion of the thorax. The posterior border of the 
heart becomes rounded and may be displaced to either 
the left or right of the midline. It is not possible 
to distinguish pure left ventricular enlargement from 
biventricular enlargement on routine thoracic radio- 
graphs. As the left atrium dilates further, the main 
stem bronchi assume a more obtuse angle, and the 
body of the atrium may become visible as a dense mass 
superimposed on the caudal portion of the cardiac 
silhouette (see Figs. 7-4; 25-7). 

In the lateral projection, left atrial enlargement 
causes the trachea to be displaced dorsally, diminishing 
the angle between the trachea and thoracic spine. The 
ventral deflection of the terminal trachea disappears. 
The left main stem bronchus is elevated by the enlarg- 
ing left atrium and becomes visible dorsal to its coun- 
terpart on the right. Enlargement of the left atrium 
and ventricle causes the caudal border of the heart to 
flatten and then become more convex than normal. 
The dorsoventral and craniocaudal dimensions of the 
heart increase. Again, it is not possible to distinguish 
how much the left and right ventricles contribute to 
the obviously enlarged cardiac silhouette. Increased 
sternal contact may be evident in dogs with enlarge- 
ment of either or both ventricles. Further dilatation of 
the left atrium, combined with dilatation of the proxi- 
mal portions of the pulmonary veins, results in the 
formation of a wedge-shaped density that extends into 
the diaphragmatic lung fields (see Figs. 7-1, 7-4, 
7-20; 25-7). 

Thoracic radiographs are the most sensitive clinical 
indicator of pulmonary hemodynamics.'!® "8 As left- 
sided CHF develops, good-quality radiographs permit 
visualization of early changes in the pulmonary veins- 
lung interstitium. As pulmonary venous pressures rise, 
the pulmonary veins distend and become more evident 


centrally and in the peripheral lung fields. The dilated 
veins become denser and larger than the pulmonary 
arteries that accompany them (see Fig. 7-18). At this 
stage, there is an increased rate of transfer of fluid 
from the pulmonary capillaries to the interstitium (see 
Fig. 13-1). This is initially unapparent radiographically 
because the increased rate of interstitial fluid produc- 
tion is balanced by an increased rate of removal by 
pulmonary lymphatics (chapter 13). Further elevations 
of venous pressure result in radiographically detectable 
interstitial edema. Fluid accumulation in perivascular 
lymphatics and the interstitium causes the margins of 
pulmonary vessels to lose their crisp definition. Fluid 
accumulates in a similar fashion in the walls of the 
bronchi and bronchioles, causing peribronchiolar 
cuffing. The overall increase in pulmonary fluid con- 
tent results in decreased radiolucency of the lung and 
a loss of contrast between the parenchyma and bron- 
chovascular structures. These changes are often most 
apparent in hilar lung regions or in the right caudal 
lung lobes. In dogs, alveolar pulmonary edema, char- 
acterized by the appearance of indistinct fluffy densi- 
ties, air alveolograms, and air bronchograms, develops 
initially in the hilar region or in the right caudal lung 
lobe (see Fig. 13-3). The location of such changes is 
more variable in cats. 


CARDIAC CATHETERIZATION 


Cardiac catheterization and angiocardiography are 
used mainly in a research setting to provide qualitative 
and semiquantitative estimates of the severity of regur- 
gitation (see Figs. 9-10, 9-11).** 10-13 Mitral regurgita- 
tion can also be scored +1 to +4, based on the extent 
and duration of left atrial and pulmonary venous opac- 
ification following the injection of contrast material 
into the left ventricle.” Mitral regurgitant volume is 
more accurately estimated by measuring the difference 
between the angiocardiographically determined stroke 
volume and forward stroke volume as determined by 
Fick’s method or by thermodilution.™ "è? Measurement 
of pulmonary artery capillary wedge pressure (PCWP), 
via a balloon-tipped end-hole catheter (Swan-Ganz), is 
sometimes needed to clarify the nature of atypical 
pulmonary infiltrates in patients with mitral regurgita- 
tion. Pulmonary edema typically develops when mean 
PCWP approaches or exceeds 25 mmHg. A large v 
wave and exaggerated y descent are observed in the 
left atrial pressure tracing when marked mitral regurgi- 
tation is present (see Figs. 5-4; 9-7). 


ECHOCARDIOGRAPHY 


DETECTION OF REGURGITANT FLOW. Mitral regurgitation 
produces a high-velocity, turbulent jet of disturbed 
blood flow in the left atrium that can usually be de- 
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FIGURE 25-7 


Thoracic radiographs illustrate progressive cardiac enlargement resulting from volume overload 
(mitral and tricuspid regurgitation) in an aged dog with chronic degenerative valvular disease. (A,B) 
At initial presentation, the dog was asymptomatic, but left atrial enlargement is pronounced. Three 
months later, the dog presented with signs of congestive heart failure due to pulmonary edema. 
(C,D) Six months after initial presentation, the dog had developed pulmonary hypertension and 
tricuspid regurgitation. Radiographs show marked enlargement of the left and right hearts relative 


to initial films (A,B). 


tected by pulsed, continuous wave, or color flow Dopp- 
ler echocardiography (see Figs. 8-5, 8-18; 25-8) .'** In 
most cases, severe mitral regurgitant flow continues 
throughout systole at a velocity of 5 to 6 meters per 
second. Flow velocity is a function of the pressure 
difference between the left ventricle and left atrium. 
In some cases, e.g., those with mitral valve prolapse, 
regurgitant flow may not be observed until mid to late 
systole. Regurgitant flow is virtually always turbulent 
flow, and it produces a broad spectrum of frequencies 
in the jet’s Doppler velocity profile. Depending on 
the color flow display format of the echocardiograph, 


mitral regurgitant flow appears as a mosaic of yellow 
and blue pixels or as a bright green spray of color. 
Color flow Doppler imaging allows a more thorough 
and much quicker means of inspecting the atria to 
find a regurgitant jet than does spectral Doppler echo 
(Fig. 25-8).'* The sensitivity and specificity of Doppler 
techniques for the detection of mitral regurgitation 
are over 90 percent. Small regurgitant jets in the 
immediate vicinity of the mitral valve should not be 
overinterpreted, however. Trivial mitral regurgitation 
can often be detected in normal dogs.'*® 7 Identifica- 
tion of concurrent tricuspid and/or aortic insuffi- 
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FIGURE 25-8 


Gray scale reproduction of color flow Doppler echocardiogram 
from a dog with advanced mitral insufficiency. In the right 
parasternal long axis view, color flow jets appear as mottled pale 
areas within the atria during systole. The diameter of the 
regurgitant jet is quite large as it emerges from the mitral 
regurgitant orifice, indicating a large regurgitant volume. The 
length and area of the jet are less reliable indicators of regurgitant 
volume in this dog because the jet impinges on (and is constrained 
by) the posterior left atrial wall. There is left atrial (LA) and left 
ventricular (LV) dilation associated with the volume overload 
imposed by mitral regurgitation. 


ciency can also be quickly and readily accomplished 
during the color flow examination. 


COLOR FLOW JET SIZE. Jet size is proportional to mo- 
mentum flux rather than to volume flow, and mitral 
regurgitant volume cannot be accurately determined 
from either length or area measurements of the regur- 
gitant jet as displayed on the color flow Doppler echo- 
cardiogram.'** Momentum flux is a function of the 
regurgitant orifice area and the driving pressure, 
which are related to volume flow by the Gorlin equa- 
tion. Other problems confound the use of jet size 
to estimate regurgitant volume. Any true measure of 
regurgitant volume must integrate regurgitant flow 
rates over all of systole, and a color flow jet is an 
instantaneous measurement that reflects flow at a sin- 
gle time point. The direction, conformation, and size 
of a regurgitant jet often change during the systolic 
interval. Jet size is also influenced by a number of 
poorly controlled variables, including imaging plane, 
transducer location, the effective turbulent velocity of 
blood, left atrial size, proximity of the jet to the wall 
of the atrium, and many instrument settings such as 
gain settings, the pulse repetition frequency, and trans- 
ducer frequency. In addition, jets that are constrained 
by the walls of the atrium are usually much smaller 
than free jets. 

Despite these limitations, maximal jet area, indexed 
to left atrial size, correlates reasonable well with angio- 
cardiographic measures of mitral regurgitant severity, 
particularly when eccentric jets impinging on the atrial 


wall are excluded from the analysis.'** 8 In human 
patients, jet areas less than 20 percent of left atrial 
area correspond to mild mitral regurgitation; jet areas 
between 20 and 40 percent correspond to moderate 
regurgitation; and jet areas greater than 40 percent 
usually indicate severe mitral regurgitation.'** The se- 
verity of regurgitation will be underestimated if gain is 
not optimized and whenever the jet is constrained by 
the left atrial wall. By comparison, jet length correlates 
rather poorly with regurgitant volume. In dogs, jet size 
shows a significant correlation with clinical scores of 
heart failure severity.'*° Other qualitative, semiquantita- 
tive, and quantitative methods have been developed 
for assessing the volume of mitral regurgitant flow. 


FLOW VOLUME MEASUREMENTS. Mitral regurgitant 
stroke volume and regurgitant fraction can be esti- 
mated by echocardiographic methods that estimate 
forward blood flow through the mitral and aortic 
valves. Mitral regurgitant stroke volume is calculated 
as the difference between forward flow through the 
mitral valve during diastole and systolic flow out the 
aorta.'*!""*8 Forward flow is measured by integrating 
the Doppler velocity over the period of antegrade flow 
and multiplying that quantity by the annular cross- 
sectional area of each valve. Alternatively, mitral regur- 
gitant flow can be calculated by subtracting aortic 
stroke volume, calculated as above, from the total LV 
stroke volume, which is calculated from M-mode or 
two-dimensional echocardiographic estimates of total 
left ventricular stroke volume. 


PROXIMAL FLOW CONVERGENCE. Mitral regurgitant 
stroke volume can also be quantified using the proxi- 
mal flow convergence method.'*'*7 As flow ap- 
proaches a pointlike orifice in a flat plate, a series of 
concentric hemispheric isovelocity shells can be identi- 
fied with decreasing surface area and increasing veloc- 
ity. Instantaneous flow rate can be calculated as the 
product of the velocity at any of these hemispheric 
shells times the area of the shell. Assuming simple 
hemispheric symmetry of the converging flow field, 
the proximal isovelocity surface area is calculated as 
2m, where r is the radius measured from the first 
color alias to the regurgitant orifice. The peak instanta- 
neous flow rate (ml/sec) is given by Qn = mrt, 
where v, is the aliasing velocity of the system. Mitral 
regurgitant stroke volume (V) is calculated by multi- 
plying the peak instantaneous regurgitant flow rate by 
the regurgitant time-velocity integral (fv(t)di) normal- 
ized by the peak regurgitant velocity (v,). Regurgitant 
flow, Q, is calculated by multiplying regurgitant stroke 
volume by heart rate: 


Q, = V, X HR = 2 tr’v,f[v(t)/v,]dt X HR) 


PROXIMAL JET DIMENSIONS. The diameter and cross-sec- 
tional area of the regurgitant jet as it emerges from 
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the regurgitant orifice have been shown to correlate 
well with angiographic grades and angiographic esti- 
mates of regurgitant volume in human patients, and to 
regurgitant flow measures obtained using the proximal 
flow convergence method." 19 The proximal jet 
method is well suited to the routine evaluation of 
clinical patients as the jet dimensions can be obtained 
quickly and reliably from either transesophageal or 
transthoracic locations. This method has not yet been 
critically evaluated in dogs. 


M-MODE AND TWO-DIMENSIONAL ECHOCARDIOGRAPHY. 
Most abnormalities detected by M-mode and two-di- 
mensional echocardiography reflect changes caused by 
volume overload of the left-sided heart and are not 
specific for mitral regurgitation (see Figs. 8-22; 25-8, 
25-9). These changes include an enlarged left atrial 
dimension, increased left atrial to aortic ratio, in- 
creased ventricular diastolic dimension, exaggerated 
septal motion and left ventricular wall motion, exces- 
sive mitral valve amplitudes of motion, and a steep E 
to F slope.® 1% 19 125, 184, 150, 151 The identification of 
mitral regurgitation by finding a separation between 
the mitral leaflets during systole is unreliable. Struc- 
tural abnormalities of the degenerative mitral valve 
identifiable by two-dimensional echocardiography in- 
clude thickened valve leaflets, mitral valve prolapse 
(inclusive of tip protrusion into the left atrium), and 
flail leaflets caused by chordal rupture.® 114. 124, 134, 152-154 


MITRAL VALVE PROLAPSE. Mitral valve prolapse is de- 
fined as dorsal displacement of the mitral leaflets rela- 
tive to the mitral annulus, as this structure defines the 
boundary between the left ventricle and left atrium. 


FIGURE 25-9 


Two-dimensional echocardiogram (right parasternal four-chamber 
view) from a dog with severe mitral regurgitation due to chronic 
degenerative valvular disease. The anterior mitral valve leaflet is 
thickened and prolapses into the left atrium (arrow) during systole. 
As a consequence of chronic, severe volume overload, the left 
ventricle (LV) and especially, the left atrium (LA), are dilated. 


Mitral valve prolapse can precede but is often accom- 
panied by varying degrees of mitral regurgitation. 
Mitral valve prolapse can best be identified by two- 
dimensional echocardiography (Fig. 25-9). Four char- 
acteristics of the valve have proved useful in identifying 
human patients with clinically important mitral valve 
prolapse: (1) the location of leaflet displacement, (2) 
the degree of leaflet displacement, (3) the presence of 
leaflet thickening, and (4) the symmetry of displace- 
ment.'** In humans, mitral valve prolapse usually in- 
volves both leaflets, sometimes involves only the poste- 
rior leaflet, and only rarely involves only the anterior 
leaflet. However, the same may not be true in dogs. 
The views typically used to identify mitral valve pro- 
lapse include the right parasternal long axis view and 
the left caudal parasternal four-chamber view. Mitral 
valve prolapse is observed most often when the leaflets 
are thickened and redundant or when there is a loss 
of chordal support (stretching or rupture). 

Using the right parasternal long axis view, Pedersen 
and associates reported that 84 percent of cavaliers 
with murmurs and 87 percent without murmurs had 
mitral valve prolapse, compared with a prevalence rate 
of 3 percent in age-matched control dogs.'®** In a study 
of 30 dachshunds with mitral regurgitation, severe mi- 
tral valve prolapse was identified in 40 percent, and 
mild prolapse was identified in 33 percent.'** In young 
dachshunds without murmurs, none had severe mitral 
valve prolapse, but 7 of 15 (47 percent) had mild 
mitral valve prolapse. Further studies are needed to 
determine whether young dogs with mitral valve pro- 
lapse are at increased risk for mitral regurgitation com- 
pared with those dogs lacking this echo finding. 


FLAIL LEAFLETS. Rupture of a major chordae tendi- 
neae (see Fig. 25-1) should be suspected when systolic 
fluttering of a prolapsed mitral valve leaflet is observed 
together with chaotic diastolic motion of a mitral valve 
leaflet. 155-158 Ruptured chordae tendineae can be 
visualized only rarely. More often, rupture of a chordae 
tendineae must be inferred from the abnormal motion 
of the valve leaflets. The flail motion of the valve 
cusps is usually best observed by two-dimensional echo 
imaging in the right parasternal long axis or by left 
apical four-chamber views.® 15-158 It may not be possi- 
ble to distinguish stretching from rupture of a chordae 
tendineae, especially when a minor chordae is affected; 
both lesions cause varying mitral valve prolapse and 
regurgitation. 


VENTRICULAR PERFORMANCE. Echocardiographic esti- 
mates of left ventricular contractility should be inter- 
preted cautiously in dogs with mitral regurgitation, 
particularly the ejection phase indices (e.g., left ventricu- 
lar fractional shortening, ejection fraction, and mean 
velocity of circumferential shortening), which are inac- 
curate in this setting.” 101-104 159. 160 The values obtained 
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from dogs with mitral regurgitation are often normal 
or greater than normal owing to the ability of the left 
ventricle to decompress rapidly into the low-pressure 
left atrium. Therefore, in the setting of moderate to 
severe mitral regurgitation, a normal ejection fraction 
represents a significant reduction of myocardial 
contractility.!01-'1% 159-160 End-systolic volume indices more 
accurately estimate myocardial contractility in dogs 
with mitral regurgitation.!""°' However, when heart 
failure is present and the sympathetic nervous system 
is activated, even these measurements overestimate in- 
trinsic myocardial contractility.!°” 1° 


DIFFERENTIAL DIAGNOSIS 


The diagnosis of mitral regurgitation due to chronic 
degenerative valvular disease is usually made from the 
clinical history, the physical examination, and good 
quality thoracic radiographs. Coexisting abnormalities, 
such as chronic bronchitis, a collapsing trachea, or 
pneumonia, can be easily overlooked unless current 
thoracic radiographs are evaluated in conjunction with 
the physical examination. Therefore, a dog with a 
heart murmur that is presented for coughing or dys- 
pnea should be carefully evaluated for upper and lower 
respiratory disease. Collapse of the left main stem 
bronchus by an enlarged left atrium is a common 
cause of chronic coughing that is unrelated to the 
development of pulmonary congestion. When pulmo- 
nary infiltrates of uncertain origin are identified, sev- 
eral diagnostic options are available. If the infiltrates 
resolve following administration of diuretics, the likely 
etiology was pulmonary congestion due to left-sided 
heart failure. Should they fail to resolve, additional 
diagnostic procedures should be pursued, such as 
transtracheal or bronchoalveolar lavage, or fine needle 
aspiration. 

Echocardiography should be performed when the 
location, cause, or importance of a murmur is uncer- 
tain and whenever other clinical tests yield apparently 
contradictory information. Loud murmurs of either 
atrioventricular valve may radiate widely, and it is often 
difficult to tell whether the mitral, the tricuspid, or 
both valves are incompetent. Color flow Doppler echo- 
cardiography resolves such issues quickly and reliably 
and is also well suited to differentiate other etiologies 
of mitral valve disease and mitral regurgitation. Echo- 
cardiography cannot, however, always reliably distin- 
guish chronic degenerative valvular disease from bacte- 
rial endocarditis of the mitral valve. Recognition of 
the systemic manifestations of endocarditis and the 
performance of properly obtained blood cultures may 
be required to establish a diagnosis in such cases 
(chapter 26). 

Careful assessment of other systemic disorders is 
often neglected in dogs with heart failure from CDVD. 
Given the high prevalence of renal disease and hyper- 


adrenocorticism in old dogs, it is always prudent to 
complement the cardiac evaluation with a complete 
blood count, chemistry profile, and urinalysis. Blood 
pressure should be routinely determined in older dogs 
with mitral regurgitation inasmuch as systemic hyper- 
tension substantially worsens the severity of mitral re- 
gurgitation. Chronic anemia, concurrent infections, 
heartworm disease, and other serious disorders must 
also be identified to ensure optimal management. 


THERAPY 


Most of the schemes developed to stage dogs with 
mitral regurgitation are based on clinical signs and 
radiographic findings. "° Echocardiography, while 
not generally essential for diagnosis and management, 
does provides more accurate assessment of heart size 
and allows visualization of valve morphology. Color 
flow Doppler echocardiography provides further esti- 
mation of regurgitant volume. This information, in 
combination with the history, physical examination, 
ECG, and chest radiographs, permits the most accurate 
assessment of disease severity and requirement for 
treatment. 

Specific treatment goals are to reduce the severity of 
mitral regurgitation, to prevent or alleviate pulmonary 
congestion, to maintain cardiac output, to preserve 
remaining cardiovascular reserves, and to prevent or 
manage aggravating conditions or complications. The 
priority attached to any one of these goals varies with 
the specific requirements of the individual patient. 
Overall treatment objectives are to increase survival 
and improve quality of life. 


SURGICAL ALTERNATIVES. The definitive remedy for mi- 
tral regurgitation in human patients is surgical repair 
or replacement of the damaged valve.*” ''' Repair 
methods include ring and plication annuloplasty, re- 
section of prolapsing valve segments, and shortening, 
reattachment, or replacement of ruptured chordae 
tendineae. Surgical repair of the mitral valve is more 
difficult to accomplish than valve replacement, but 
this approach has definite mechanical advantages and 
avoids the need for long-term anticoagulation.” Prior 
to the recent refinements in reparative surgical tech- 
niques, surgery was recommended only for severely 
impaired patients (NYHA class III or IV). Currently, 
surgery is often advised for patients with more modest 
physical impairment (NYHA class II). For optimal 
results, surgery must be accomplished prior to the 
development of irreversible myocardial damage. Mitral 
valve surgery has been performed in only a few dogs 
with naturally occurring disease, due largely to the 
expense of cardiac bypass surgery.!6-167 


MEDICAL MANAGEMENT. The ideal medical treatment 
would prevent or reverse valvular degeneration by tar- 
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geting the precise molecular and biochemical de- 
fect(s) responsible for the myxomatous degenerative 
lesions. By manipulation of the enzymes regulating 
collagen metabolism, it may be possible in the future 
to modify the cascade of events causing distortion and 
disruption of the valve leaflets and chordae tendineae. 
Current therapy is designed to prevent congestion, 
to reduce the severity of mitral regurgitation, and to 
moderate the adverse consequences of chronic neuro- 
hormonal activation (chapter 12). 

Diuretics, vasodilators, angiotensin-converting en- 
zyme inhibitors, and positive inotropic drugs have the 
demonstrated capacity to lessen the severity of mitral 
regurgitation under certain conditions.*?* The rela- 
tive merits of specific agents vary with the clinical 
circumstances of each patient. In general, patients with 
acute congestive heart failure respond best to diuretics 
and rapidly acting vasodilators. The current standard 
of therapy for dogs with chronic congestive heart fail- 
ure due to mitral regurgitation is the “FAD” protocol: 
combination therapy using (f)urosemide, an (A)CE 
inhibitor, and (d)igoxin.'* 1° Dogs requiring medical 
therapy should avoid strenuous exercise, and increas- 
ingly severe exercise restriction should be enforced as 
the disease progresses. 


DIURETICS AND SALT RESTRICTION. Dietary salt restriction, 
diuretic therapy, or both are instituted at the first sign 
of CHF to eliminate excess body fluids and relieve 
pulmonary congestion. Improved myocardial oxygen- 
ation improves cardiac performance, and the severity 
of regurgitation may lessen as a result of the decreased 
preload and afterload that accompanies a reduction in 
heart size. Neurohormonal activation is an unavoid- 
able consequence of diuretic treatment, but these re- 
sponses can be minimized when diuretics are used in 
lower doses and/or in combination with ACE-inhib- 
iting drugs.'” Feeding a sodium-restricted diet may 
reduce the need for diuretics and may lessen the sever- 
ity of neurohormonal activation. 

Furosemide is the drug chosen most often for treat- 
ing mitral regurgitation because it is effective and well 
tolerated by both dogs and cats. The lowest dose that 
controls clinical signs should be used. As heart failure 
progresses, higher and more frequent dosing is often 
required. When fulminant pulmonary edema is pres- 
ent, higher doses (2 to 4 mg/kg) should be given 
intravenously until the animal is stable (e.g., q 1 to 4 
hr as needed in emergency settings). In refractory 
heart failure, furosemide can be combined with an- 
other diuretic with a different mechanism of action to 
achieve a synergistic effect (chapter 12). 

Certain cautions should be observed with diuretic 
administration. Overzealous diuresis can decrease pre- 
load to the extent that cardiac output falls substantially. 
Overdiuresis in concert with ACE inhibitor administra- 
tion can cause functional renal insufficiency. Diuretics 


should also be used cautiously when signs of low-out- 
put failure are present (e.g., weakness, prolonged mu- 
cous membrane perfusion and poor color, hypokinetic 
femoral arterial pulses, and tachycardia), or in states 
of ventricular underfilling (e.g., cardiac tamponade). 


ACE INHIBITORS. The efficacy of ACE inhibitor therapy 
is well established in dogs with experimental'”! 1? and 
naturally occurring mitral regurgitation.” 117 In 
dogs with class HII or class IV heart failure due to 
CDVD, chronic treatment with an ACE inhibitor in 
combination with furosemide and digoxin alleviates 
the signs of heart failure and improves exercise toler- 
ance better than treatment with furosemide and di- 
goxin alone. There are no published studies docu- 
menting the benefits of ACE inhibition in the early 
stages of heart failure (class I or II) in dogs with 
chronic degenerative valvular disease. Sodium and wa- 
ter retention in the early stages of heart failure may 
not be mediated by the R-A-A system, suggesting that 
drugs other than ACE inhibitors are required to nor- 
malize plasma volume in dogs with developing heart 
failure. 

Adverse effects of ACE inhibitors include renal 
failure, hypotension, and hyperkalemia.’ 16% 175 
Renal dysfunction is the most common and most seri- 
ous complication of ACE inhibitor therapy. Dehydra- 
tion, hypotension, profound heart failure, pre-existing 
renal dysfunction, and treatment with high doses of 
diuretics increase the risk of serious renal dysfunction. 
Renal function should be carefully assessed prior to 
treatment with an ACE inhibitor, and BUN or serum 
creatinine levels should be periodically monitored dur- 
ing treatment. Other vasodilators can be used when 
ACE inhibitors are not tolerated (chapter 12). 


DIGITALIS GLYCOSIDES. The use of digitalis glycosides 
in dogs with mitral regurgitation remains somewhat 
controversial.” 1%. 168. 180 While persuasive evidence ex- 
ists that myocardial contractility eventually declines in 
dogs with mitral regurgitation, it is very difficult to 
assess accurately the level of myocardial contractility 
and to identify the onset of myocardial failure. Many 
cardiologists initiate digoxin therapy together with di- 
uretics and ACE inhibitors when the signs of CHF first 
appear. This strategy supposes that digoxin can reduce 
the severity of regurgitation prior to the onset of myo- 
cardial failure, retard the development of myocardial 
failure, and/or cause long-term symptomatic improve- 
ment. Others institute digoxin only in the later 
stages of heart failure when diuretics, ACE inhibitors, 
or vasodilators are no longer able to control the clini- 
cal signs and when there is more dramatic myocardial 
impairment.'® 1° There is no proven advantage to 
either strategy. Digoxin is always indicated when heart 
failure is complicated by atrial fibrillation and a fast 
heart rate. The negative chronotropic effect of digoxin 
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allows for improved ventricular filling and a larger 
stroke volume. Optimal control of heart rate may re- 
quire the addition of a calcium channel (diltiazem) or 
B-adrenergic (atenolol, propranolol) blocking drug. 


VASODILATORS. Other vasodilators are used when ACE- 
inhibiting drugs are not tolerated or when the signs of 
heart failure cannot otherwise be controlled (refrac- 
tory heart failure). The short-term hemodynamic ben- 
efits of vasodilator therapy have been convincingly 
demonstrated in dogs with experimentally induced’? ** 
and naturally occurring"! mitral regurgitation. 
Questions that remain unanswered concern the length 
of time hemodynamic benefits are maintained, the 
prevalence of adverse reactions, and the relative merits 
of particular arteriolar, venous, and mixed vasodilat- 
ing agents. 

Hydralazine is a direct-acting arteriolar vasodilator 
that has been shown effective in the short-term man- 
agement of chronic mitral regurgitation in dogs.!*!"!*4 
Problems encountered with its use include a variable 
dose requirement, tolerance with long-term adminis- 
tration, and adverse side effects such as hypotension, 
tachycardia, anorexia, and other gastrointestinal 
signs,’ 181-14 Drug titration (start at 0.5 mg/kg q 12 
hr PO) is necessary to determine the appropriate dose 
(0.5 to 2 mg/kg q 12 hr). Hydralazine is generally 
used in combination with an oral or cutaneously ap- 
plied nitrate to achieve balanced vasodilation.'*° 

Amlodipine, a calcium channel blocking drug, has 
been proved to reduce symptoms and improve exercise 
tolerance in humans with congestive heart failure.'*° 
The efficacy of this compound in dogs with CDVD has 
not been determined, but preliminary observations 
suggest it is efficacious in dogs with heart failure com- 
plicated by systemic hypertension and in normotensive 
dogs with otherwise refractory heart failure. A safe and 
effective dose has not been established. When dogs 
with experimentally induced systemic hypertension are 
treated with amlodipine (0.05 to 0.2 mg/kg), blood 
pressure declines slowly, reaching a nadir in 6 to 8 
hours after the first dose.'*’ Tachycardia can occur 
when higher doses are used. The half-life in dogs is 
about 30 hours; thus, steady-state concentrations are 
not reached for 4 to 7 days.'* 

Nitroglycerin ointment, isosorbide dinitrate, and iso- 
sorbide mononitrate are direct-acting venous vasodila- 
tors. By increasing systemic venous capacitance, these 
drugs effectively lower pulmonary venous pressure, 
thereby relieving signs of pulmonary congestion. He- 
modynamic benefits are sustained in most human pa- 
tients receiving nitrate therapy, and side effects are 
relatively uncommon.’** Lower LV filling pressures and 
reduced LV size may induce a decline in regurgitant 
volume. Although commonly used in dogs with CHF, 
topical nitroglycerin ointment has not been critically 
evaluated for safety or efficacy. Transdermal nitroglyc- 


erin cream should be applied on a hairless or shaved 
area, using gloves to avoid absorption by the person 
administering the medication. Self-adhesive transder- 
mal nitroglycerin patches have been used in dogs and 
cats to ensure more uniform drug delivery. Patches 
delivering 0.1 mg/hr (in humans) have been recom- 
mended for treating cats and small dogs, and patches 
delivering 0.2 mg/hr were recommended for larger 
dogs.'** 

Isosorbide dinitrate is available in a sublingual for- 
mulation, a standard oral formulation, and as a con- 
trolled-release capsule and tablet. An empiric dose of 
the standard oral formulation (Isordil) used in dogs 
with heart failure is 0.22 to 0.44 mg/kg q 8 hr.‘ 
Isosorbide dinitrate has been dosed as high as 2.0 
mg/kg q 12 hr in dogs with experimentally created 
myocardial infarcts.'*° Isosorbide mononitrate, the pri- 
mary metabolite of isosorbide dinitrate, may also be 
useful in dogs with heart failure.'*! '* From these 
studies, the estimated oral dose of isosorbide mononi- 
trate in dogs is 0.25 to 2.0 mg/kg q 6 to 12 hr. In 
human patients, a dosage-free interval, typically 10 to 
12 hours long, is advised to avoid the phenomenon of 
tolerance. The utility of this maneuver in dogs or cats 
with heart failure is unknown. 

Prazosin is an a-adrenergic blocking agent causing 
arteriolar and venous vasodilation. In human pa- 
tients, the dosage is less variable than that of hydralaz- 
ine, and adverse reactions are uncommon.!*’ The main 
criticism of this agent concerns its effectiveness for 
long-term therapy.'*® Tachyphylaxis may develop within 
48 to 72 hours in some human patients. Prazosin has 
not been critically evaluated in dogs with heart failure 
and has fallen into disfavor. 


ANCILLARY THERAPIES. Oxygen therapy is always bene- 
ficial in hypoxemic patients with pulmonary edema. 
Morphine sulfate can be used to relieve anxiety and to 
lessen pulmonary congestion, particularly in nervous 
dogs. Some dogs, typically those with concurrent respi- 
ratory disease, appear to benefit from theophylline or 
aminophylline administration. Cough suppressants are 
avoided unless they are needed to control the signs 
of coexisting conditions, such as collapsing trachea. 
Antiarrhythmic drugs may be needed to eliminate life- 
threatening or hemodynamically unstable arrhythmias. 


TREATMENT OF SEVERE OR REFRACTORY HEART FAILURE. 
Intravenous agents are generally reserved for dogs with 
severe acute heart failure or chronic heart failure that 
is nonresponsive to maximally tolerated oral doses of 
digoxin, diuretics, and ACE inhibitors. High-dose in- 
travenous furosemide (e.g., 2 to 6 mg/kg) often re- 
solves pulmonary congestion in animals with refractory 
heart failure. Dobutamine can also be used in combi- 
nation with an intravenous vasodilator, such as nitro- 
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prusside, to stabilize patients with otherwise intractable 
heart failure. Both drugs are administered by constant 
intravenous infusion and are primarily used to treat 
chronic, refractory heart failure or acute, life-threaten- 
ing pulmonary edema due to mitral regurgitation asso- 
ciated with ruptured chordae tendineae. Hypotension 
is the most hazardous side effect of nitroprusside but 
can be reversed within 10 minutes by simply discontin- 
uing the drug. Most patients are weaned from IV onto 
oral therapy within 24 to 48 hours. 


PROGNOSIS 


It is difficult to predict the clinical course of CDVD 
in an individual patient. Many dogs with chronic valvu- 
lar disease remain compensated throughout life and 
eventually die or are euthanized for reasons other 
than the development of heart failure." Once signs 
of severe heart failure develop, the prognosis for long- 
term survival is often poor. In a long-term trial evaluat- 
ing the efficacy of enalapril, the average survival time 
for dogs in NYHA class III or IV heart failure was less 
than 1 year for both treatment groups (Freedom of 
Information Summary #315). Many dogs with CDVD 
suffer repeated acute exacerbations of congestive heart 
failure that sporadically interrupt long or short periods 
of apparent remission. The rate of progression and 
eventual outcome of CDVD vary in different breeds. 
Rapid progression seems to be the rule in certain 
breeds, such as cavalier King Charles spaniels (Fig. 
25-10). 

The progression of CDVD has been prospectively 
studied in a group of 61 animals selected as representa- 
tive of the cavalier King Charles spaniel population in 
Sweden. Murmurs were initially found in 52 percent 
of all dogs. When this group of dogs was examined 3 
years later, 28 percent of those dogs with murmurs 3 


FIGURE 25-10 1000 


Mean annual number of claims 
per 10,000 insured dogs in 
Sweden for death/euthanasia 
caused by cardiac disease during 
1982 to 1990 (1983 excluded). 
Data are presented in age groups 
on a logarithmic vertical axis. 
The overall frequency of claims 
per 10,000 insured dogs was five 
times higher in the cavalier than 
in the Dachshund, and eight 
times higher than the mean for 
all other breeds. Error bars show 
calculated 95% confidence limits. 
(From Häggström J, Hansson K, 
Kvart C, et al. Chronic valvular 
disease in the cavalier King 
Charles spaniel in Sweden. Vet 
Rec 131:549-553, 1992.) 
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years earlier had died from heart failure. The average 
age at death or euthanasia was 10.6 years. All the dogs 
free from murmurs at the first examination were alive, 
but 48 percent had developed murmurs.'** The mean 
time span between onset of murmur and euthanasia 
due to CDVD was approximately 3 to 4 years (Fig. 
25-11). Despite the fact that heart murmurs are re- 
ported equally among male and female cavaliers, eu- 
thanasia due to heart failure is more common in 
males.” 9 This can be explained by an earlier onset 
of the disease in males and, perhaps, a faster progres- 
sion of the disease.'** 


SYNDROMES ASSOCIATED WITH CHRONIC 
DEGENERATIVE VALVULAR DISEASE 


RUPTURE OF THE CHORDAE TENDINEAE. Rupture of the 
chordae tendineae occurs in three different circum- 
stances: (1) as an incidental finding at necropsy, (2) 
in dogs with a prior history of chronic mitral regurgita- 
tion, and (3) as a distinct clinical syndrome character- 
ized by the sudden development of severe, fulminating 
pulmonary edema in previously asymptomatic 
dogs.'!® 19-197 Of 28 affected dogs studied by Ettinger 
and Buergelt, 17 were males, the age range was 7 to 
17 years, and most dogs were poodles (10/28), cocker 
spaniels (4/28), beagles (4/28), and dachshunds 
(2/28).'°° These sex, age, and breed predilections are 
similar to those reported in dogs with chronic myxo- 
matous valvular degeneration.* "ë Myxomatous degen- 
eration of the atrioventricular valves is found in most 
dogs with ruptured chordae tendineae at necropsy, but 
there is little correlation between the severity of valvu- 
lar lesions and rupture of the chordae tendineae.'*® 
This fact has prompted some investigators to consider 
alternative or additional etiologic factors. 

The consequences of chordae tendineae rupture are 
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determined mainly by the location of the chordae torn 
(see Fig. 25-1).'* 19 Clinical signs are most severe 
when one or more first-order chordae tendineae of 
the anterior (septal) leaflet of the mitral valve are torn. 
Less severe signs result from rupture of the first-order 
chordae tendineae of the posterior (mural) leaflet. 
Rupture of second- or third-order chordae may result 
in minimal or no clinical signs. Sudden deterioration 
in a dog with pre-existing mitral regurgitation suggests 
the possibility of chordae rupture. Rupture of tricuspid 
valve chordae tendineae can also occur and usually 
involves those of the septal leaflet.* '°° 

Rupture of a first-order chordae tendineae often 
results in acute (often less than 12 hours), rapidly 
progressive signs; severe, intractable pulmonary 
edema;''® and profound respiratory distress and cyano- 
sis. A gallop rhythm and precordial thrill are accompa- 
nied by a loud, grade V to VI/VI, holosystolic, left 
apical murmur. The femoral artery pulse is typically 
abrupt or jerky, and a jugular venous pulse is often 
evident. A variety of rhythm disturbances may be ob- 
served, including ventricular arrhythmias and atrioven- 
tricular dissociation. The radiographic signs are similar 
to those seen in chronic mitral regurgitation with se- 
vere pulmonary edema. Atrial enlargement is variable 
and a function of the presence and severity of pre- 
existing mitral regurgitation. 


THERAPY. Aggressive therapy is indicated in dogs with 
ruptured chordae tendoneae and fulminating pulmo- 
nary edema. Oxygen administration is usually re- 
quired, coupled with a potent afterload reducer such 
as nitroprusside, and high-dose, frequent IV furose- 
mide administration. Phlebotomy can be considered 
when these measures fail. The prognosis is often grave, 
and death commonly results.'!® 19 
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FIGURE 25-11 


Proposed epidemiologic model of chronic 
degenerative valvular disease in the cavalier King 
Charles spaniel. The average time span from the 
onset of the heart murmur to death/euthanasia 
due to congestive heart failure is estimated to be 3 
years. This graph illustrates the percentage of new 
cases of heart murmurs in each age group; the 
percentage of deaths due to congestive heart failure 
in each age group based on insurance statistics 
(Agria Ltd, Stockholm, Sweden); and the predicted 
percentage of deaths due to congestive heart 
failure, assuming the total percentage of deaths due 
to heart failure to be 40% of the population. 

1 (Courtesy of J. Häggström, DVM, College of 
Veterinary Medicine, Uppsala, Sweden.) 
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LEFT ATRIAL ENDOCARDIAL TEARS AND LEFT ATRIAL RUP- 
TURE. Left atrial rupture due to endocardial splitting 
of the left atrial wall is a well-characterized but uncom- 
mon complication of chronic, severe mitral valvular 
disease.* * 11° 20-05 This sequela occurs most often in 
older male dogs, and dachshunds and cocker spaniels 
are reported to be most commonly affected. In a series 
of 30 dogs?” with left atrial tears, about half (17 of 30) 
were nonperforating, and about one third (9 of 30) 
had hemopericardium resulting from perforation of 
the left atrial epicardial surface; acquired atrial septal 
defect was demonstrated in four dogs following rup- 
ture of the interatrial septum. Endocardial splitting 
occurred most often in the caudal left atrial wall in 
association with pre-existing jet lesions. Severe, chronic 
mitral valvular lesions and massive left atrial enlarge- 
ment were present in nearly all affected dogs, and 
ruptured first-order chordae tendineae were observed 
in many. Buchanan has hypothesized that a genetically 
influenced degeneration of connective tissue predis- 
poses certain breeds to the development of left atrial 
tears, and that rupture of the chordae tendineae often 
precipitated this lesion by causing a sudden rise in 
interatrial pressure.*”* 

Hemopericardium from left atrial rupture often re- 
sults in sudden death from acute cardiac tamponade 
(Fig. 25-12). In other dogs with pre-existing mitral 
regurgitation, the sudden development of ascites, he- 
patomegaly, and jugular distention signals the occur- 
rence of pericardial hemorrhage. Muffling of heart 
sounds may be detected, but more typically, this find- 
ing is obscured owing to the presence of a loud, holo- 
systolic murmur. Femoral artery pulses are usually 
weak, and pulsus paradoxus may be evident. The ECG 
may be normal or reflect left-sided heart enlargement. 
The dampened, low-amplitude QRS complexes often 
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FIGURE 25-12 


Cardiac tamponade and death are common in dogs experiencing left atrial rupture associated with 
chronic degenerative valvular disease (myxomatous degeneration). (A) The heart of a dog with 
chronic mitral regurgitation is surrounded by a large, intrapericardial blood clot within the opened 
pericardial sac. (B) Inspection of the left atrial endocardial surface reveals a recent tear (solid arrow); 
an older tear (open arrow) is also present with an attached thrombus (T). Grossly thickened and 
distorted mitral valve leaflets are visible lining the atrioventricular orifice, just left of the thrombus. 
Ruptured chordae tendineae were present. (From Sisson D. Acquired valvular heart disease. Jn 
Bonagura JD (ed): Contemporary Issues in Small Animal Practice. Cardiology. New York, Churchill 


Livingstone, 1987, p 59.) 


observed with other causes of pericardial effusion are 
not usually evident unless a previously recorded ECG 
is available for comparison. Electrical alternans and 
a variety of rhythm disturbances may be recorded, 
particularly supraventricular extrasystoles, atrial and 
junctional tachycardias, and atrial fibrillation. 

The diagnosis is often suggested by thoracic radio- 
graphs. In the dorsoventral projection, the silhouette 
is globular in appearance and is not dissimilar in any 
way from other causes of pericardial effusion. In the 
lateral projection, the cardiac silhouette may also ap- 
pear rounded, but the enlarged left atrium is usually 
clearly evident as a triangular extension of the dorso- 
caudal heart border. Echocardiography is the most 
sensitive modality to detect pericardial effusion. Left 
atrial rupture is suggested when pericardial effusion is 
observed together with the typical echocardiographic 
features of chronic mitral regurgitation, particularly 
when blood clots are imaged within the pericardial 
sac.’ 201-203 

An extremely uncommon sequela to chronic mitral 
regurgitation occurs when the atrial septum is rup- 
tured, creating an acquired atrial septal defect.) 20 
Severe right-sided heart failure and refractory ascites 
then develop in dogs that previously exhibited evi- 
dence of mitral regurgitation. Antemortem diagnosis 
can be accomplished with color flow Doppler echocar- 
diography. The diagnosis of nonperforming endomyo- 
cardial splits cannot usually be made prior to necropsy 


except when an attached intra-atrial thrombus is im- 
aged by echocardiography or angiocardiography. 


THERAPY. Treatment of any dog with acute pericardial 
tamponade involves immediate pericardiocentesis. The 
possibility of continued hemorrhage exists, and this 
may necessitate blood transfusion or an emergency 
thoracotomy. Thoracotomy may be required to remove 
large clots in the pericardial sac that restrict cardiac 
filling, although surgical repair of the left atrium can 
occasionally be accomplished.” The prognosis is 
grave. 


TRICUSPID REGURGITATION 


Tricuspid valve insufficiency is conveniently classi- 
fied into organic and functional types. Organic (pri- 
mary) tricuspid regurgitation indicates that the valve 
leak is due to structural damage to the tricuspid valve 
apparatus, whereas functional tricuspid valve insuffi- 
ciency develops secondary to enlargement (dilation) 
of the right side of the heart. Myxomatous degenera- 
tion of the valve leaflets or chordae tendineae is the 
only common cause of organic tricuspid regurgitation 
in dogs. Kersten,”°° Bretschneider,? and Buchanan* 
reported involvement of both the mitral and tricuspid 
valves in 44.3 percent, 22.6 percent, and 32.5 percent 
of dogs with CDVD, respectively. Only 1.3 percent to 
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7.5 percent of the dogs with CDVD had isolated 
involvement of the tricuspid valve.” + %6 These findings 
have been corroborated.” ® 3-37 Other causes of or- 
ganic tricuspid regurgitation, such as bacterial endo- 
carditis, are rare in dogs and cats. 

Functional tricuspid regurgitation is often observed 
in dogs with dilated cardiomyopathy, and it is a com- 
mon sequela to right-sided heart dilation caused by 
pulmonary hypertension from a variety of etiologies.” 
152, 27 Tn cats, tricuspid regurgitation is observed most 
often in association with idiopathic myocardial disease 
and less frequently secondary to chronic hyperthy- 
roidism.*"” *8 The overall prevalence of functional tri- 
cuspid regurgitation in dogs or cats with these disor- 
ders is unknown and undoubtedly varies with the sever- 
ity of the underlying disease, the severity of pulmonary 
hypertension, and the degree of right-sided heart en- 
largement. 


ANATOMY OF THE TRICUSPID VALVE 


The adjective “tricuspid” is somewhat of a misno- 
mer when applied to the dog’s right atrioventricular 
valve, which consists mainly of two cusps.” A large 
mural (ventral or parietal) cusp and a smaller septal 
(or dorsal) cusp can be identified, together with sev- 
eral unnamed secondary cusps. The parietal cusp is 
essential for effective valve closure, whereas excision of 
the septal leaflet does not cause tricuspid regurgitation 
in otherwise healthy dogs in sinus rhythm.” The area 
of the tricuspid orifice (annulus) is slightly larger than 
that of the mitral orifice, and the tricuspid valve 
leaflets are thinner and more transparent than the 
mitral valve leaflets.” The chordae tendineae of the 
mural leaflet attach to a single, constant, small papil- 
lary muscle of the conus and to a variable number of 
papillary muscles (usually three) arising from the api- 
cal one third of the interventricular septum. The 
chordae tendineae of the septal leaflet attach directly 
to small ridges on the interventricular septum. 


PATHOLOGY 


The histologic lesions of chronic degenerative tricus- 
pid valve disease are qualitatively similar to the myxo- 
matous changes already described in the mitral valve.‘ 
The tricuspid valve is less frequently affected, and the 
lesions tend to be less severe and progress less rapidly 
than those of the mitral valve.*' The septal cusp of the 
tricuspid valve is almost always more severely affected 
than the mural cusp and, when ruptured chordae 
tendineae are observed in the right side of the heart, 
those of the septal leaflet are usually affected (see Fig. 
25-1).+ 3! # The absence of jet lesions and the diffi- 
culty in subjectively assessing right ventricular size 
make the clinical significance of valvular lesions ob- 
served at necropsy hard to interpret in some cases.’ 


PATHOPHYSIOLOGY 


In accordance with Gorlin’s hydraulic equation, the 
volume of tricuspid regurgitation varies with the extent 
of tricuspid valve damage, the degree of right ventricu- 
lar enlargement, and the magnitude of pulmonary 
artery pressure.® Right atrial pressure tends to in- 
crease with increasing regurgitant volume, and signs 
of congestive heart failure tend to develop when mean 
right atrial pressure exceeds 10 to 12 mmHg. Gradually 
developing tricuspid regurgitation is often well toler- 
ated, and right atrial pressure may remain close to 
normal because of the increased compliance of an 
enlarged right atrium. 

Severe tricuspid regurgitation and heart failure are 
most likely to develop when organic tricuspid valvular 
disease is accompanied by pulmonary hypertension. 
Consequently, right-sided heart failure is seen most 
often in dogs with CDVD affecting both atrioventricu- 
lar valves.*!° *! The modest elevations of pulmonary 
artery pressure recorded in most dogs with advanced 
mitral regurgitation (40 to 45 mmHg) are unlikely to 
result in significant tricuspid regurgitation when the 
tricuspid valve is anatomically normal. However, even 
modest elevations of pulmonary artery pressure can 
cause dramatic increases in tricuspid regurgitant vol- 
ume in dogs with a pre-existing tricuspid valve leak. 

Dilation of the right ventricle induced by pulmonary 
hypertension from any cause contributes to progressive 
stretching of the tricuspid annulus, enlargement of the 
regurgitant orifice, and progressive tricuspid regurgita- 
tion. Substantial tricuspid regurgitation flow may de- 
velop in the absence of tricuspid valve pathology when 
the mean pulmonary artery pressure exceeds 60 
mmHg.?!' It is interesting that tricuspid regurgitation 
is slight in most dogs with heartworm disease, even 
when pulmonary hypertension is severe.” Presumably 
this is because the tricuspid valve is structurally intact 
and the regurgitant orifice is small. Severe tricuspid 
regurgitation is more consistently present in dogs with 
heartworm caval syndrome.?"* This may be due to the 
combined effects of severe pulmonary hypertension, 
more pronounced right-sided heart dilatation, and/or 
mechanical interference with valve closure by the 
worms in this location. Tricuspid regurgitation is also 
modest in the majority of dogs and cats with dilated 
cardiomyopathy. It tends to worsen with the onset of 
atrial fibrillation due to the loss of atrioventricular 
synchrony. 


HISTORY AND CLINICAL SIGNS 


Isolated, organic tricuspid regurgitation is often well 
tolerated for long periods of time. Ascites, lethargy, 
and exercise intolerance may develop in severely af- 
fected dogs with long-standing tricuspid valve regurgi- 
tation. Such signs are often accompanied by muscle 
wasting, weight loss, anorexia, and, in some cases, 
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chronic diarrhea. Signs of right-sided heart failure de- 
velop more rapidly and are more pronounced in dogs 
and cats with concurrent left-sided heart failure and/ 
or pulmonary hypertension. When dogs with com- 
bined mitral and tricuspid valve disease develop right- 
sided heart failure, any prior signs of left-sided heart 
failure usually resolve.”!” Instead, these dogs often suf- 
fer marked ascites, profound exercise intolerance, 
weakness, collapse, or syncope. Dogs with heart failure 
due to heartworms usually develop exercise intoler- 
ance and ascites, but pleural effusion is uncommon.” 
Cats with severe myocardial disease often develop pul- 
monary hypertension, tricuspid regurgitation, and 
pleural effusion. 


PHYSICAL EXAMINATION 


The most reliable physical evidence of tricuspid re- 
gurgitation is the combined presence of a typical mur- 
mur, jugular vein distention, and a prominent jugular 
venous pulse. These findings are often overlooked by 
examiners who neglect to listen on both sides of the 
thorax and who fail to examine the jugular veins rou- 
tinely. The murmur is usually holosystolic, of mixed 
frequency, and loudest at the right 4th intercostal 
space, just above the costochondral junction.'*! Coex- 
isting mitral regurgitation can mimic or obscure the 
murmur of tricuspid regurgitation. A heart murmur 
may be absent in some animals with substantial tricus- 
pid regurgitation even when pulmonary hypertension 
is present. Obvious jugular distention, hepatomegaly, 
and ascites can usually be detected in dogs with overt 
right-sided heart failure. With less severe disease, dis- 
tended jugular veins with systolic pulsations may be 
evident only following exercise or when the abdomen 
is compressed (positive hepatojugular reflex). 


ELECTROCARDIOGRAPHY 


Right atrial and right ventricular enlargement are 
most likely to be recorded on the ECG when tricuspid 
regurgitation occurs secondary to chronic pulmonary 
hypertension. The mean electrical axis is often shifted 
to the right (> 100° in the dog), and S waves are 
recorded in leads I, II, III, aVF, and the left-sided chest 
leads."® !?7 P-wave amplitude may be increased, but 
this finding is neither sensitive nor specific. These 
changes are generally less dramatic or absent in dogs 
or cats with isolated tricuspid regurgitation because 
right ventricular hypertrophy is often milder. Coexist- 
ing left ventricular enlargement usually obscures the 
ECG manifestations of right ventricular enlargement. 


RADIOGRAPHY 


On the dorsoventral projection, moderate to severe 
right atrial enlargement appears as a bulge on the 
right craniolateral border of the cardiac silhouette 


(from 9 to 12 o’clock) (see Figs. 7-1, 7-4, 7-6, 7-7; 
25-1). As the right ventricle enlarges, the entire bor- 
der of the heart becomes more rounded, and the 
transverse and craniocaudal dimensions of the cardiac 
silhouette are increased. The distance separating the 
heart from the right thoracic wall may be diminished, 
but the value of this sign depends on the position of 
the cardiac apex (chapter 7). With more pronounced 
right-sided heart enlargement, the cardiac silhouette 
may assume a reversed “D” shape. On the lateral 
radiograph, the dorsoventral dimension of the heart 
enlarges and the anterior border of the heart becomes 
more convex (see Figs. 7-1, 7—4, 7-6, 7-7; 25-1). As a 
result, there is increased contact between the heart 
and sternum. An enlarged posterior vena cava, hepato- 
megaly, and ascites support the radiographic diagnosis 
of right-sided heart enlargement in affected dogs.” 


CARDIAC CATHETERIZATION 


Tricuspid regurgitation is characterized by “‘ventric- 
ularization” of the right atrial pressure tracing.® Ini- 
tially, the normal x descent in the right atrial pressure 
tracing is interrupted by a regurgitant c-v wave that 
commences with the onset of ventricular systole. With 
more severe tricuspid regurgitation, the right atrial 
pressure tracing begins to resemble the right ventricu- 
lar pressure tracing. Signs of right-sided heart failure 
are usually evident when mean right atrial pressure 
exceeds 10 to 12 mmHg. When the right atrium is 
markedly enlarged and very compliant, the atrial pres- 
sure tracing may be nearly normal even with moderate 
to severe regurgitation. Effective (forward) cardiac out- 
put declines only when pulmonary vascular resistance 
is increased or when tricuspid regurgitation is particu- 
larly severe. 

Right ventricular and pulmonary artery pressure 
measurements help determine the cause of tricuspid 
valvular insufficiency. Right ventricular and pulmonary 
artery systolic pressures are normal or only slightly 
elevated with isolated structural tricuspid valve 
disease.”!®. 216 The finding of pulmonary hypertension 
indicates that tricuspid regurgitation is, to some de- 
gree, of a functional nature. The amount of tricuspid 
regurgitation can be roughly quantified by angiocar- 
diographic or indicator dilution techniques.™: 7!” Both 
methods are plagued by the occurrence of spurious 
regurgitation induced by arrhythmia or the physical 
presence of the catheter. These artifacts can be mini- 
mized by the use of specially designed catheters, or 
avoided altogether by performing Doppler echo- 
cardiography.”!” %8 


ECHOCARDIOGRAPHY 


Doppler echocardiography is the most sensitive and 
reliable noninvasive clinical technique for identifying 
tricuspid regurgitation (see Fig. 8-18).?'* A substantial 
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percentage of healthy dogs have a mild degree of 
tricuspid regurgitation when the heart is carefully in- 
terrogated by pulsed wave or color flow Doppler echo- 
cardiography.'** 12 219 Healthy human subjects also 
have small tricuspid valve leaks, and their prevalence 
increases with age.” These small leaks in the valve 
are inconsequential given the normally low systolic 
pressures in the right side of the heart. When tricuspid 
regurgitation is severe, Doppler studies show systolic 
blood flow reversal in the caudal vena cava and hepatic 
veins. Doppler techniques have replaced the use 
of contrast echocardiography (see discussion follow- 
ing). **! For the same regurgitant volume, the area 
of a tricuspid jet will be less than that of a mitral 
jet—unless RV systolic pressures are increased to sys- 
temic levels. For this reason, the clinical significance 
of tricuspid regurgitation on a color flow Doppler 
echocardiogram is sometimes difficult to assess, and 
such studies must be interpreted cautiously. 

Estimation of the transvalvular pressure gradient us- 
ing spectral Doppler should be performed whenever a 
substantial degree of tricuspid regurgitation is ob- 
served. Jet velocities in patients with organic tricuspid 
regurgitation and without pulmonary hypertension are 
usually less than 2.67 m/sec.?'* Higher velocities indi- 
cate pulmonic stenosis or pulmonary hypertension. 
The systolic pressure gradient is calculated from the 
peak velocities in the regurgitant jet using the simpli- 
fied Bernoulli equation (AP = 4V). Right ventricular 
(and pulmonary artery) systolic pressure can be 
quickly calculated if right atrial pressure is known or 
can be reasonably estimated (central venous pressure 
measurement). Right ventricular and pulmonary ar- 
tery systolic pressures estimated in this fashion corre- 
late very well with catheter-derived pressure estimates.?!* 

Contrast echocardiography is a valuable and sensi- 
tive method for assessing tricuspid regurgitation when 
Doppler echocardiography is unavailable (chapter 
8) 0"? With this technique, air-agitated saline, dex- 
trose, or indocyanine green dye is injected into a ce- 
phalic vein, and the resulting microcavitations, or 
“bubbles,” are followed through the circulation. These 
bubbles may be observed to travel back and forth 
across the incompetent tricuspid valve and may reflux 
into the posterior vena cava or hepatic veins during 
ventricular systole. False-positive studies can result 
from arrhythmia, pericardial disorders, and right-sided 
heart failure.?"* 

M-mode and two-dimensional echo findings reflect 
right ventricular volume overload and are not specific 
for tricuspid regurgitation. The right ventricle is di- 
lated, and the interventricular septum moves paradoxi- 
cally toward the transducer and the right ventricle at 
the onset of systole.?!* ° During diastole, the interven- 
tricular septum is displaced toward the left ventricular 
cavity as a result of increased filling of the right ventri- 
cle. This deformation of the septum is rapidly abol- 


ished at the onset of isovolumetric systole when the 
septum moves rapidly back toward the right ventricle. 
This motion is paradoxic in the sense that the interven- 
tricular septum normally moves away from the trans- 
ducer toward the contracting left ventricular free wall. 
Two-dimensional echo also allows assessment of tricus- 
pid valve morphology and motion (prolapse), right 
ventricular and right atrial size, and evaluation of the 
pulmonary arteries and caudal vena cava. In dogs with 
organic tricuspid regurgitation, the septal leaflet is 
often thickened and may prolapse dorsally into the 
right atrium during systole. 


THERAPY 


Treatment of dogs with combined mitral and tricus- 
pid valve disease is essentially the same as that outlined 
for the management of mitral regurgitation.?"" Tricus- 
pid regurgitation may lessen or disappear when left- 
sided heart function improves. In dogs and cats with 
refractory right-sided heart failure, it is often necessary 
to perform periodic abdominocentesis. Other treat- 
ment alternatives include combining diuretics with dif- 
fering mechanisms of action (furosemide, a thiazide, 
and/or spironolactone), or administering a venous va- 
sodilator (nitroglycerin or isosorbide dinitrate). The 
propensity for low-output failure to develop in these 
animals mandates that diuretic and vasodilator therapy 
be carefully monitored. Surgical repair of the tricuspid 
valve should not be attempted prior to repair of the 
mitral valve when both valves are insufficient. Severe 
pulmonary edema can result if the tricuspid valve is 
repaired and the mitral valve is grossly incompetent. 

Dogs with isolated tricuspid regurgitation may be 
asymptomatic for years. Should heart failure develop, 
it can be effectively managed in most cases using di- 
goxin, diuretics, and/or a low sodium diet. If the right 
side of the heart is very dilated, it may be helpful to 
reduce regurgitant volume by performing plication or 
ring annuloplasty. *°* *°° Such treatment may also be 
effective in some dogs with functional tricuspid regur- 
gitation. Valve replacement is an effective but costly 
remedy available at some institutional practices.* 197 226 
Long-term improvement in dogs with right-sided heart 
failure and tricuspid regurgitation due to chronic 
heartworm infection is dependent on successful adulti- 
cide therapy and subsequent remodeling of the pulmo- 
nary vasculature (chapter 30). Rest, diuretics, and ab- 
dominocentesis are used to alleviate congestion in 
the interim. 


PULMONIC AND AORTIC VALVE 
INSUFFICIENCY 


PULMONIC REGURGITATION 


Dilation of the main pulmonary artery and the pul- 
monic valve ring secondary to chronic pulmonary hy- 
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pertension is the most important cause of pulmonic 
valve insufficiency.® ® Iatrogenic pulmonic insuffi- 
ciency often develops when surgery or balloon valvu- 
loplasty is performed in patients with pulmonic steno- 
sis, but it is usually mild and clinical sequela are rare. 
Pulmonic valve insufficiency can also occur when the 
pulmonary artery is dilated from a left-to-right 
shunting patent ductus arteriosus. Idiopathic pulmo- 
nary artery dilatation is an uncommon cause of pul- 
monic valve insufficiency in dogs.” ° Acquired struc- 
tural disease of the pulmonic valve leaflets is rare in 
dogs and cats. 


PHYSICAL EXAMINATION 


Isolated pulmonic regurgitation characteristically 
produces a low-pitched, early to mid-diastolic decre- 
scendo or crescendo-decrescendo murmur that is 
heard best over the pulmonic valve area on the left 
3rd or 4th interspace. A systolic murmur is sometimes 
heard at this same location due either to the ejection 
of a larger than normal stroke volume or to turbulence 
generated by eddy currents in the dilated pulmonary 
artery. On occasion, pulmonic regurgitation is 
silent—no murmur is detectable. When pulmonic re- 
gurgitation develops secondary to pulmonary hyper- 
tension, the murmur is usually louder and higher 
pitched and tends to occur earlier in diastole.*’ This 
murmur is referred to as a Graham Steel’s murmur in 
human patients. Gallop heart sounds, exercise intoler- 
ance, and right-sided CHF are common findings in 
dogs or cats with pulmonary hypertension, but they 
are uncommon in dogs with isolated pulmonic insuffi- 
ciency. 


ELECTROCARDIOGRAPHY AND RADIOGRAPHY 


The ECG manifestations of right ventricular enlarge- 
ment are modest or absent in dogs with primary valvu- 
lar insufficiency. They are more reliably present when 
chronic pulmonary hypertension is the proximate 
cause of the valve leak. An enlarged right ventricle and 
pulmonary artery segment are usually observed on 
thoracic radiographs. In many cases, the proximal por- 
tions of the right and left pulmonary arteries are also 
enlarged. 


ANGIOCARDIOGRAPHY AND 
ECHOCARDIOGRAPHY 


Although cardiac catheterization and angiocardiog- 
raphy can help measure right-sided heart and pulmo- 
nary artery pressures and demonstrate regurgitation 
of contrast material into the right ventricle,” the diag- 
nosis of pulmonic regurgitation is most easily con- 
firmed by color flow Doppler echocardiography.” As 


with other valve lesions, the severity of regurgitation 
can be estimated by qualitative or quantitative mea- 
surements.*** More importantly, spectral Doppler inter- 
rogation of the regurgitant jet during diastole can 
provide an accurate estimation of diastolic pulmonary 
artery pressure, allowing recognition and quantifica- 
tion of pulmonary hypertension (using the modified 
Bernoulli equation, chapter 8). In patients without 
pulmonary hypertension, the peak velocity of the re- 
gurgitating blood is less than 1.9 m/sec (higher veloci- 
ties generally indicate pulmonary hypertension). The 
peak velocity of blood flow through the pulmonic valve 
orifice during systole may be modestly elevated (2.0 to 
2.5 m/sec) due to ejection of an increased stroke 
volume. Two-dimensional and M-mode echocardiogra- 
phy reveal changes consistent with volume overload of 
the right side of the heart and, occasionally, diastolic 
fluttering of the tricuspid valve.*® 228 

Treatment of isolated pulmonic insufficiency is 
rarely necessary. In dogs and cats with pulmonary hy- 
pertension, treatment is directed at the primary disor- 
der (see chapters 30, 31, and 33). 


AORTIC REGURGITATION 


When infectious etiologies are excluded (chapter 
26), acquired diseases of the aortic valve are very un- 
common in dogs and cats. Small jets of aortic insuffi- 
ciency are often discovered by color flow Doppler 
echocardiography in older dogs with chronic degener- 
ative valvular disease, presumably as a result of mild 
myxomatous changes in the aortic valve leaflets.'* 
Such lesions rarely, if ever, cause an audible murmur 
or clinical disability. Idiopathic dilation of the aorta is 
another uncommon cause of aortic insufficiency. It is 
observed most often in aged dogs and cats. latrogenic 
aortic regurgitation has also been reported as a rare 
sequela to cardiac puncture and cardiac catheter- 
ization.” '*! Aortic regurgitation occurs most often in 
dogs with bacterial endocarditis or in association with 
congenital heart defects such as ventricular septal de- 
fect, tetralogy of Fallot, or discrete fibrous subaortic 
stenosis (chapter 24). 2 The clinical features and 
therapy of aortic regurgitation are discussed in chap- 
ter 26. 
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Infectious 
Endocarditis 


MATTHEW W. MILLER 
DAVID SISSON 


Infectious endocarditis (IE) is an often fatal systemic disease caused by 
bacterial or, more rarely, fungal infection of the valvular or mural endocar- 
dium. Infectious endocarditis occurs infrequently in dogs and rarely in cats. 
As a result, it is often neglected as a differential diagnosis, with often dire 
consequences. The diagnosis of IE requires a high index of suspicion, 
familiarity with the population at risk, and knowledge of the usual patient 
circumstances in which it occurs. The clinical importance of infectious 
endocarditis resides in the diagnostic challenge it presents to the clinician, 
the formidable consequences it imposes on its victims, and the obstacles 
confronted in treating and preventing this often catastrophic disease. 


EPIDEMIOLOGY 


The incidence of infectious endocarditis in dogs and cats is not precisely 
known. Published estimates of its prevalence in dogs range from 0.11 to 0.58 
percent.'* Much less is known about the incidence of IE in cats; the bulk of 
the literature consists of isolated case reports.*’ In 1994, Sisson* reviewed 
the epidemiology of IE in dogs and cats based on the evaluation of 10 years 
of clinical data submitted to the Veterinary Medical Data Base at Purdue; 
the incidence of IE in dogs was estimated at 0.04 to 0.13 percent of the cases 
presented for clinical evaluation. This incidence increases with advancing 
age (Fig. 26-1), and male dogs are at slightly greater risk for infection than 
female dogs.* Breed-related risk factors were slight and probably related to 
the occurrence of certain predisposing congenital heart defects. In this same 
report, the incidence of IE in cats was somewhere between 0.006 and 0.018 
percent of cats presented for evaluation.® 

In humans, many pre-existing heart diseases increase the risk of devel- 
oping bacterial endocarditis, including patent ductus arteriosus, aortic regur- 
gitation, aortic stenosis, mitral regurgitation, mitral stenosis, and ventricular 
septal defect." Several studies have shown that dogs with subvalvular aortic 
stenosis are predisposed to endocarditis.” * '* Endocarditis has also been de- 
scribed in dogs with patent ductus arteriosus and ventricular septal defects, but 
no relative risk data have been published.” '* 14 It is interesting that there is no 
published evidence that degenerative valvular disease predisposes dogs to IE. 


PATHOLOGY 


The characteristic lesion of infective endocarditis is a vegetation. In dogs 
and cats, as in humans, most vegetative lesions develop on the mitral or 
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aortic valves or both (Fig. 26-2).''?*'*'!® The tricuspid 
valve is occasionally infected, but pulmonic valve endo- 
carditis is exceedingly rare. Fresh vegetations consist 
of three layers: (1) a large inner layer of platelets, 
fibrin, red and white blood cells, and some bacteria; 
(2) a middle layer of bacteria; and (3) an outer layer 
composed primarily of fibrin.'’ Most of the leukocytes 
within a vegetation are lymphocytes and histiocytes, 
and there are comparatively few polymorphonuclear 
cells. More mature vegetative lesions show evidence of 
capillary proliferation and fibroplasia. Mature vegeta- 
tions are composed of dense, fibrous tissue and are 
covered by endothelium. Older vegetations are less 
friable than freshly formed ones and are often 
calcified. 


PATHOGENESIS 


BACTEREMIA 


Transient or persistent bacteremia is an absolute 
requirement for the establishment of a cardiac infec- 
tion. The initiating episode of bacteremia is not identi- 
fied in most spontaneously occurring cases of IE.'* 
When a predisposing event is identified, the conditions 
incriminated most often are medical and surgical pro- 
cedures involving the oropharynx, gastrointestinal, 
and genitourinary tracts; dental manipulation; intrave- 
nous catheterization; pacemaker implantation; immu- 
nosuppressive drug therapy; and prior valvular 
infections.® 1921 

Endocarditis occurring in association with dental 
procedures has received much attention. The inci- 
dence of bacteremia associated with dental procedures 
or tooth extraction has been reported to be as high 
as 85 percent, but few of these individuals develop 
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FIGURE 26-1 

The prevalence of bacterial endocarditis in dogs 
increases with advancing age. This graph was 
constructed from data obtained from the 
Veterinary Medical Data Base at Purdue University 
for visits recorded from January, 1984, through 
May, 1994. The figure shows those cases coded as 
bacterial endocarditis and those coded as 
endocarditis due to unknown. 


15+ 


endocarditis even when the duration of bacteremia is 
prolonged.” The likelihood and severity of bacteremia 
seem more related to the degree of periodontal disease 
than to the specific dental procedure.” Rocking of 
teeth, chewing hard candy, and even simple tooth 
brushing have been shown to cause transient bacter- 
emia in people.” Other medical procedures causing 
transient bacteremia include bronchoscopy, the dila- 
tion of esophageal strictures, oral intubation, nasal 
operations, and transesophageal echocardiography.** * 


ESTABLISHMENT OF A CARDIAC 
INFECTION 


The pathogenesis of infective endocarditis is complex, 
involving a number of factors relating to endothelial 
integrity, disturbed blood flow, bacterial virulence, and 
host immunity.”**! Healthy, intact endothelium is only 
weakly receptive to bacterial attachment.*” ** Damaged 
or denuded vascular endothelium readily promotes 
the development of platelet fibrin aggregates, and such 
lesions provide a susceptible nidus for bacterial inva- 
sion and colonization.” The term nonbacterial throm- 
botic endocarditis (NBTE) was coined by Zeiger in 
1888 to describe the formation of sterile clumps of 
platelets, fibrin, and red cells on normal or superfi- 
cially damaged cardiac valves.” An important predis- 
posing cause of NBTE lesions is endothelial damage 
resulting from high-velocity, turbulent blood flow as 
occurs with pre-existing valvular insufficiency or steno- 
sis. In-dwelling vascular catheters also induce local flow 
disturbances and directly damage vascular endothe- 
lium, promoting the formation of NBTE.* Hyper- 
coagulable states, such as disseminated intravascular 
coagulation (DIC), also predispose patients to the for- 
mation of NBTE.** 
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FIGURE 26-2 


Bacterial endocarditis develops most often on the mitral (A) and aortic (B) valves of dogs and cats. 
(A) In this dog, proliferating vegetative lesions were identified on the anterior and posterior mitral 
valve leaflets. The anterior mitral valve leaflet is diffusely thickened and its surface is ulcerated and 
hemorrhagic. (B) Destruction of the right coronary cusp and avulsion of the noncoronary cusp of 
the aortic valve is shown in a dog with bacterial endocarditis. A contact lesion where the flail aortic 
leaflet impacted the ventricular septum is seen just below the valve. 

In (C) and (D), two predisposing causes of infectious endocarditis are apparent. (C) Sagittal 
section through the left ventricular outflow tract and left ventricle of a dog with subaortic stenosis 
and infectious endocarditis of the aortic valve. Notice the proliferative endocarditis lesion involving 
all valve leaflets. The heterogeneous appearance of the aortic valve represents areas of fibrosis and 
dystrophic calcification. Destruction of the valve leaflets resulted in aortic insufficiency. Just below 
the aortic valve, a subtle white ring can be detected (arrowhead). This is the pathologic lesion of mild 
subvalvular aortic stenosis. (D) In this specimen, a vegetation is seen on the tricuspid valve of a dog 
with a transvenous pacing lead positioned in the right ventricle. The animal was receiving 
immunosuppressive drugs for lymphosarcoma and had an indwelling venous catheter when it 


developed endocarditis. 


A bacterium’s ability to adhere to damaged endothe- 
lial surfaces plays a major role in determining its capac- 
ity to colonize a valve.” When the endothelium is 
damaged, organisms with well-developed mechanisms 
of adherence can overcome host defenses even at low 
levels of inoculation. Damage to endothelial surfaces 
exposes the extracellular polysaccharide dextran, 
which facilitates the attachment of some bacterial 


species.” * Valvular endothelium rich in fibronectin 
facilitates the binding of certain organisms, such as 
Staphylococcus aureus, that possess fibronectin recep- 
tors.*' To sustain a cardiac infection, the invading 
pathogen must evade the host’s defensive mechanisms. 
Very few granulocytes are observed in established vege- 
tations, and the clusters of microorganisms therein are 
protected by layers of fibrin, platelets, and a few red 
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cells. The valves and the attached vegetation are also 
relatively avascular, limiting the access of antibodies, 
phagocytic cells, and antibiotics.” 


DISTRIBUTION OF LESIONS 


When high pressure drives an infected stream into 
a low pressure sink, a reproducible pattern of bacterial 
deposition occurs, as demonstrated in Rodbard’s clas- 
sic experiment.” This study explains the typical loca- 
tions of IE lesions on the ventricular surface of the 
aortic valve and the atrial surface of the mitral valve. 
The location of endocarditis lesions in the pulmonary 
artery of patients with a patent ductus arteriosus, in 
the vein of an arteriovenous fistula, and distal to the 
narrow isthmus of a coarcted aorta is also consistent 
with the results of Rodbard’s studies.'* 4# The distribu- 
tion of IE lesions within the heart can also be ex- 
plained as a function of the pressure exerted on the 
valve.*! 


CARDIAC SEQUELAE 


Valvular insufficiency is the most common cardiac 
sequela to bacterial endocarditis, developing as a con- 
sequence of valvular necrosis, perforation, or rupture 
of the chordae tendineae.'* $ The severity of valvular 
destruction varies with the virulence of the infecting 
organism and the duration of the infection. Destruc- 
tion of the valve stroma proceeds particularly rapidly 
in acute, ulcerative endocarditis caused by S. aureus. 
Left-sided heart failure develops in most dogs devel- 
oping aortic valve endocarditis and occurs commonly 
in dogs with mitral valve endocarditis.* ® 1 15 Obstruc- 
tion of a valve orifice by large vegetations is uncom- 
mon. Extension of infection into the valve annulus, 
sinus of Valsalva, pericardium, or myocardium may 
result in abscess formation, aortoatrial shunting, puru- 
lent pericarditis, myocarditis, or destruction of the con- 
duction system.” * 


SYSTEMIC SEQUELAE 


SYSTEMIC EMBOLIZATION AND 
METASTATIC INFECTION 


Septic embolization and sterile arterial emboliza- 
tion, resulting in infarction and metastatic infection, 
are common in animals with bacterial endocarditis. 
The kidney and spleen are the most common sites of 
infarction at necropsy, but the heart, brain, intestine, 


and other large organs may be affected (Fig. 26-3). ° 
Death due to the combined effects of renal infarction, 
renal infection, and glomerulonephritis occurs in a 
substantial percentage of dogs with IE.** “ On occa- 
sion, death results from myocardial infarction caused 
by embolic occlusion of a coronary artery. Since in- 
fections in remote areas may be primary or secondary 
(metastatic), the pathogenesis of septic arthritis, uri- 
nary tract infections, or discospondylitis in animals 
with IE is often uncertain.” ® 


IMMUNE-MEDIATED DISORDERS 


Stimulation of humoral and cellular immune systems 
by persistent bacteremia accounts for many extracar- 
diac manifestations of IE.** 4 Rheumatoid factor, anti- 
nuclear antibodies, and circulating immune complexes 
contribute to the development of polyarthritis, renal 
disease, and myocarditis in dogs with IE. Glomeru- 
lonephritis is a well-known complication of IE, and its 
prevalence and severity seem to vary in relation to the 
specific infecting organism.™ *' Glomerulonephritis 
may cause proteinuria, loss of antithrombin II, and a 
hypercoagulable state, thereby promoting the develop- 
ment of nonbacterial thromboembolism and new IE 
lesions.” A high correlation exists between the concen- 
tration of circulating immune complexes, the presence 
and severity of glomerulonephritis, and rheumatoid 
factor.” 

Polyarthritis is particularly common and well docu- 
mented in dogs with IE.*” * Bacterial cultures of the 
joint fluid are often positive, but many affected dogs 
have negative cultures. Examination of the synovial 
tissues may be positive for IgG, IgM, and complement, 
indicating an immune-mediated basis for the arthropa- 
thy. Lameness in some dogs with IE has been attributed 
to the phenomenon of hypertrophic osteopathy.” ** 
Such lesions are thought to be analogous to clubbing 
of the digits observed in some human patients with IE. 
A recent hypothesis suggests that platelet clumps shed 
from vegetative lesions are trapped in the microcircula- 
tion where they release platelet-derived growth factor, 
which acts as the stimulus for the hypertrophic oste- 
opathy lesions.” 


SEPSIS AND SEPTIC SHOCK 


Animals with bacterial endocarditis are septic by 
definition—their disease is the result of pathogenic 
microorganisms and/or their toxins in the blood or 
tissues. Some animals with endocarditis will die of sep- 
tic shock and multiple organ dysfunction, and it is 
helpful to be familiar with some of the terminology 
currently used in relation to patients with sepsis (chap- 
ter 15). Sepsis syndrome is the clinical state in which 
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there are obvious indications of altered organ perfu- 
sion, such as altered mentation, oliguria, acidosis, and/ 
or hypoxemia. When hypotension complicates sepsis 
syndrome, the patient is experiencing septic shock. Mul- 
tiple organ dysfunction syndrome (MODS) describes situa- 
tions in which septic shock has progressed to cause 
any combination of DIC, acute respiratory distress, 
acute renal failure, hepatobiliary compromise, or cen- 
tral nervous system dysfunction. The progression to 
septic shock and MODS is thought to be prevented by 
appropriate therapy. 

In animal models, the inflammatory cascade leading 
to sepsis and septic shock follows a_ predictable 
course.” The proinflammatory cytokines tumor necro- 
sis factor alpha (TNF-a) and interleukin-1 (IL-1) are 
released from macrophages and other inflammatory 
cells as a result of contact with bacterial endotoxin or 
other microbial components or products.*°? These 
compounds activate endothelial cells and other ef 
fector cells, such as T and B lymphocytes, monocytes, 
macrophages, and neutrophils, and they induce the 
release of other inflammatory cytokines, such as IL-8 
and IL-6, transforming growth factor beta (TGF-B), 
prostaglandin E (PGE), colony-stimulating factor, 
platelet-activating factor, eicosanoids, and other in- 


FIGURE 26-3 


Systemic arterial embolization, infarction, and metastatic infection are 
common complications of infective endocarditis. The kidney is one of 
the most common organs of septic embolization (A), but the mesenteric 
vessels of the small intestine (B) and the brain (C) may also be affected. 
This explains, in part, the varied clinical manifestations of affected 
patients. (From Sisson D, Thomas WP. Endocarditis of the aortic valve 
in the dog. J Am Vet Med Assoc 184:570, 1984.) 


flammatory mediators.***' These compounds elicit a 
variety of physiologic effects that together constitute 
the phenomenon of sepsis. The intensity of the in- 
flammatory response is controlled by regulatory mech- 
anisms that include the acute-phase proteins, antipro- 
teases, anti-inflammatory cytokines, and by specific 
anticytokine substances, including IL-1, various recep- 
tor antagonists, and the activity of soluble cytokine 
receptors.” ©! 

In several animal models of endotoxemia or bacter- 
emia, survival has improved when the actions of IL-1 
are blocked by infusion of the naturally occurring IL- 
1 receptor antagonist (ILRA). Preliminary reports 
evaluating ILRA in human patients with sepsis have 
mixed results.® Studies examining the inhibition of IL- 
1 and TNF-a release and other mediators are ongoing. 


DIAGNOSIS 


It is often difficult to establish a diagnosis of IE with 
certainty. Several studies have attempted to remedy 
this problem by defining reliable clinical criteria for 
establishing a diagnosis of IE. © The most recently 
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formulated criteria emphasize the results of blood cul- 
ture, visualization of vegetative lesions by echocardiog- 
raphy, clinical documentation of a new regurgitant 
murmur, and substantive clinical or laboratory indica- 
tions of systemic embolization.© Applying this scheme 
retrospectively to patients with documented disease 
indicates that it offers superior sensitivity to previously 
used diagnostic criteria without compromising specific- 
ity. Slight modification of this scheme allows it to be 
applied to veterinary patients (Tables 26-1, 26-2). 


HISTORY 


The constellation of clinical signs manifested by pa- 
tients with IE is diverse and misleading due to the 
high prevalence of embolic phenomena, metastatic 
infections, and immune-mediated sequelae. Thus, the 
problems identified by the owners of animals with 
endocarditis are quite varied and often nonspecific.* 
*6. 67 On occasion, an owner indicates the recent occur- 
rence of some predisposing event, such as a dental 
procedure, upper respiratory or genitourinary surgery, 
intravenous catheterization, pacemaker implantation, 
immunosuppressive drug therapy, or prior infection. 
More often, the owners relate a vague history of gener- 
alized malaise, anorexia, and depression. 

Many animals with IE eventually develop signs of 
congestive heart failure, such as cough, shortness of 
breath, weakness, or collapse.” +66 Some patients pres- 
ent with a clinical history suggestive of systemic throm- 
boembolism. Such signs include hematuria, lameness, 
seizures, or altered mentation, depending on the par- 
ticular organ system(s) involved. Intermittent or persis- 


TABLE 26-1 
Criteria for Diagnosis of Infective Endocarditis 


Definite Infective Endocarditis 
Pathologic Criteria 
* Microorganisms demonstrated by culture or histology in a 
vegetation, or 
* Microorganisms in a vegetation that has embolized, or 
* Vegetation confirmed by histology showing active endocarditis 
Clinical Criteria (Table 26-2) 
e Two major criteria, or 
e One major criteria and three minor criteria, or 
* Five minor criteria 


Possible Infective Endocarditis 
Findings consistent with infective endocarditis but that fall short of 
“definite” though they are not in the “rejected” category 


Rejected 
* Firm alternative diagnosis or 
* Resolution of clinical manifestations with antibiotic therapy for 
<4 days, or 
* No pathologic evidence of infective endocarditis at surgery or 
autopsy after antibiotic therapy =4 days 


Modified from Durack DT, Lukes AS, Bright DK. New criteria for diagnosis 
of endocarditis: utilization of specific echocardiographic findings. Am J Med 
96:200-209, 1994. 


TABLE 26-2 
Definitions of Major and Minor Criteria 


Major Criteria 

Positive blood culture for infective endocarditis 
Typical microorganism for infective endocarditis from two 
separate blood cultures: Corynebacterium spp, Erysipelothrix 
rhusiopathiae (typically serovar 7), Streptococcus spp, Staphylococcus 
spp, Pseudomonas aeruginosa, Pasteurella spp in the absence of a 
primary focus, or 

Persistently positive blood culture, defined as recovery of a 

microorganism consistent with infective endocarditis form: 

(1) Blood cultures drawn more than 12 hours apart, or 
(2) All of three or a majority of four or more separate blood 
cultures, with first and last drawn at least 1 hour apart 

Evidence of endocardial involvement 
Positive echocardiogram for infective endocarditis 

Oscillating intracardiac mass on valve or supporting structures, 

or in the path of regurgitant jets, or on implanted material, in 

the absence of an alternative anatomic explanation, or abscess 
New valvular regurgitation* (increase or change in preexisting 
regurgitation not sufficient) 

Minor Criteria 

Predisposition: predisposing heart condition (subaortic stenosis), 
chronic indwelling catheter 

Fever} 

Vascular phenomena, major arterial emboli, septic pulmonary 
infarcts, intracranial hemorrhage, conjunctival hemorrhages 

Immunologic phenomena: glomerulonephritis, vasculitis, 
polyarthropathy (+ /— rheumatoid factor) 

Microbiologic evidence: positive blood culture but not meeting 
major criteria as noted previously or serologic evidence of active 
infection with organism consistent with infective endocarditis 

Echocardiogram: consistent with infective endocarditis but not 
meeting major criteria as noted previously 


*Requires recent prior auscultation. 

{At presentation or historically documented. 

Modified from Durack DT, Lukes AS, Bright DK. New criteria for diagnosis 
of endocarditis: utilization of specific echocardiographic findings. Am J Med 
96:200-209, 1994. 


tent lameness is particularly common in dogs with 
endocarditis, causing confusion with a variety of ortho- 
pedic and musculoskeletal diseases.* “* The great 
diversity of clinical signs in patients with endocarditis 
has prompted some clinicians to refer to IE as the 
great imitator. 


PHYSICAL EXAMINATION 


FEVER 


Most dogs with IE have pyrexia at presentation, or a 
history of recurrent febrile episodes.” * '*-'® Some nota- 
ble exceptions include those animals receiving antibiot- 
ics, aspirin, or corticosteroids, and those with chronic 
infections, renal failure, or heart failure.? 1» 4 © The 
presence of a fever is very helpful in establishing a 
diagnosis of IE when it is detected in association with 
other clinical findings. 


HEART MURMURS 


The development of a new or changing cardiac mur- 
mur is another hallmark of valvular endocarditis. Doc- 


umentation of a new murmur is often difficult as one 
must verify that it was not present on a recently con- 
ducted prior examination.® The predictive value of a 
recently discovered heart murmur is most dependent 
on its character and location, as these parameters sug- 
gest which valve is affected and the severity of the 
abnormality. Detection of a diastolic murmur at the 
left heart base in a febrile dog or cat indicates a high 
probability of aortic valve endocarditis simply because 
other causes of aortic insufficiency are rare.? * By com- 
parison, a systolic murmur in a febrile, small-breed 
dog has little predictive value because degenerative 
mitral valve disease is very prevalent in this population 
(chapter 25). In most animals with mitral regurgita- 
tion, the murmur is holosystolic in duration, with a 
harsh, mixed-frequency quality. Loud systolic murmurs 
of aortic stenosis or mitral regurgitation often mask 
the softer, lower-frequency murmur of aortic regurgita- 
tion. 

The importance of a rapidly changing murmur as an 
indicator of IE has been overemphasized.* Physiologic 
murmurs and mitral regurgitant murmurs are often 
variable in duration and intensity due to changes in 
stroke volume, preload, and afterload. Nonetheless, 
serial examinations documenting alterations in the 
character of the murmur can provide important prog- 
nostic information. For example, the murmur of mild 
aortic insufficiency is typically holodiastolic, and its 
intensity diminishes only slightly over the entire dia- 
stolic interval. When aortic insufficiency becomes 
more severe, the intensity of the diastolic murmur 
diminishes throughout diastole, and it may not be 
audible in the latter part of diastole. This finding 
indicates equilibration of aortic and left ventricular 
diastolic pressures caused by the volume overload im- 
posed by aortic regurgitation, and it suggests im- 
pending heart failure. 


MYOCARDITIS AND HEART FAILURE 


A variety of rhythm disorders may be detected in 
dogs with IE as a consequence of myocarditis, heart 
failure, myocardial infarction, or destruction of the 
conduction system.” !® 14 Ventricular arrhythmias are 
particularly common in animals with IE. Damage to 
the atrioventricular node or the bundle of His may 
result in heart block and symptomatic bradycardia. A 
third heart sound (S; gallop) is often detected in dogs 
or cats with severe aortic or mitral regurgitation. 
Cough, tachypnea, labored respiration, and abnormal 
lung sounds may also be detected when heart failure 
develops. With developing aortic regurgitation, the 
femoral pulses become exaggerated or bounding. 
Small amplitude, weak arterial pulses are palpated in 
animals with pre-existing subvalvular aortic stenosis, 
following the onset of heart failure, and in the rare 
circumstance of acquired aortic stenosis caused by a 
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large vegetative lesion on the aortic valve. Unequal or 
absent femoral artery pulses suggest arterial thrombo- 
embolism. Irregular pulses and pulse deficits are usu- 
ally associated with conduction or rhythm distur- 
bances, indicating the need to obtain an electro- 
cardiogram. 


SYSTEMIC ABNORMALITIES 


The physical manifestations of peripheral emboliza- 
tion, metastatic infection, and immune-mediated phe- 
nomena are diverse. Vasculitis, arthralgia, and joint 
effusions resulting from immune-mediated or septic 
arthritis are common in animals with IE. Abdominal 
or thoracolumbar pain may be present, and irregularly 
shaped kidneys or abdominal masses (splenomegaly) 
may be palpable. A variety of neurologic deficits may 
develop, most of which are of sudden onset, suggesting 
an embolic event. Retinal hemorrhages, hyphema, epi- 
staxis, and petechiation of the skin or mucous mem- 
branes are occasionally noted. Myalgia and long-bone 
pain caused by emboli or hypertrophic osteopathy are 
infrequently detected. Most of the peripheral stigmata 
of IE observed in human patients (subungual splinter 
hemorrhages, Osler’s nodes, Janeway’s lesions, Roth’s 
spots) are absent or go undetected in dogs and cats 
with IE.’ 


ECHOCARDIOGRAPHY 


VISUALIZATION OF DEVELOPING VEGETATIONS 


Echocardiography plays a pivotal role in the diagno- 
sis and management of endocarditis.” * 49. 64. 65. 69-71 Two- 
dimensional echocardiography is used to visualize the 
primary lesion of infectious endocarditis (i.e., the de- 
veloping vegetation), and to assess the consequences 
of that infection (e.g., dissolution or avulsion of a 
valve leaflet, chamber dilation and myocardial failure, 
abscess formation, and other complications). Because 
the aortic and mitral valves are the most commonly 
infected valves in dogs and cats, both valves should be 
evaluated with particular care. The early echocardio- 
graphic features of endocarditis often include only 
slight thickening or increased echogenicity of the af- 
fected valve. At this stage, hemodynamic changes are 
absent or minimal. As the disease progresses, the devel- 
oping vegetation appears as an irregular area of highly 
reflective leaflet thickening or as a pedunculated mass, 
usually arising from the tip of the leaflet (Figs. 26-4, 
26-5). In the majority of cases, the infected valve be- 
comes insufficient when the valve stroma is destroyed, 
or when the vegetation prevents normal coaptation 
of the valve leaflets.” # °° On rare occasion, a large, 
proliferating vegetative mass will obstruct a valve ori- 
fice, causing functional stenosis. 
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FIGURE 26-4 


A large vegetative lesion (arrows) on the anterior mitral valve leaflet 
of a dog is shown in this right parasternal, four-chamber, long-axis 
echocardiogram. This dog subsequently suffered an infarction of 
the small intestine. RA, right atrium; LA, left atrium; LV, left 
ventricle. 


Certain limitations of transthoracic echocardiogra- 
phy must be recognized. Small vegetations are very 
difficult to visualize, particularly in very small or obese 
patients. Tachypnea, dyspnea, or tachycardia may also 
preclude an optimal echocardiographic evaluation. In 
these circumstances, a diagnosis of infective endocardi- 
tis should not be ruled out based on a negative echo- 
cardiographic evaluation. However, the negative pre- 
dictive value of a high-quality normal echocardiogram 
most likely exceeds 90 percent in patients with no 
detectable cardiac murmur. Serial echocardiographic 
evaluations of patients suspect for IE can be particu- 
larly helpful because subtle alterations in valvular or 


FIGURE 26-5 


M-mode echocardiogram of the mitral valve from a dog with 
infectious endocarditis of the aortic valve and resultant aortic 
insufficiency. Notice the high-frequency vibrations of the anterior 
mitral valve during diastole (arrow). This is caused by the jet of 
aortic regurgitation striking this valve when it opens in diastole. 


mural endocardial echogenicity are more likely to be 
appreciated. Such changes may be the initial clinical 
finding supporting a diagnosis of IE. Transesophageal 
echocardiography (TEE) is more sensitive than trans- 
thoracic echocardiography for recognizing small vege- 
tative lesions.®”? However, it is uncommonly used to 
image dogs and cats suspected of having endocarditis, 
particularly when they are seriously ill, because of the 
requirement for general anesthesia. 


M-MODE ECHOCARDIOGRAPHY 


Certain subtle alterations in valvular motion are best 
appreciated using M-mode echocardiography, but this 
modality plays a relatively minor role in the echocardi- 
ographic evaluation of patients with or suspected of 
having endocarditis. High-frequency diastolic flut- 
tering of the mitral valve, which is highly suggestive 
of aortic insufficiency, may not be apparent on two- 
dimensional studies but is easily seen on an M-mode 
echocardiogram (Fig. 26-5).* 74 The explanation for 
this phenomenon is quite simple. During diastole, the 
mitral valve is open and the anterior leaflet is situated 
immediately below the aortic valve in the left ventricu- 
lar outflow tract. When a jet of aortic regurgitation is 
directed at the anterior mitral leaflet, it strikes the 
leaflet, causing high-frequency vibrations that are 
readily displayed on an M-mode echocardiogram.” 7 
Other M-mode echo changes, such as premature clo- 
sure of the mitral valve, may be observed when evaluat- 
ing dogs with severe aortic insufficiency. When aortic 
regurgitation is severe, left ventricular pressure rises 
rapidly during diastole as blood flows retrograde from 
the aorta. If left ventricular pressure exceeds left atrial 
pressure, the mitral valve will close prematurely—prior 
to the onset of systole, at the peak of the R wave.” 7 


FLOW DISTURBANCES AND 
FUNCTIONAL CHANGES 


The hemodynamic consequences of endocarditis are 
most dramatically illustrated by color flow Doppler 
imaging.” With this technique, blood flow distur- 
bances can be quickly located and assessed. Precise 
quantification of valvular regurgitation is difficult. 
Techniques such as measuring decay rate, proximal jet 
area, and proximal jet height allow reasonable estima- 
tion of volumetric regurgitation.” The severity of volu- 
metric regurgitation also may be reasonably inferred 
by the degree of left ventricular and left atrial dilation. 

Echocardiography often yields other important in- 
formation of prognostic value.” ” For example, pa- 
tients with a vegetation diameter of greater than 10 


mm are at significantly higher risk for embolic phe- 
nomena than those with smaller vegetations.' 7° Evi- 
dence of left ventricular dysfunction, such as reduced 
fractional shortening percent, ejection fraction, and 
aortic flow acceleration, also suggests a poor long- 
term prognosis.” Regional wall motion abnormalities, 
especially when coupled with ventricular arrhythmia, can 
indicate septic embolization of a coronary artery.” ” If 
the region of LV dysfunction is small, parameters of 
global wall function may remain within normal limits, 
giving an erroneous portrayal of normal LV function. 


BLOOD CULTURE 


Multiple sets of blood cultures should be obtained 
whenever bacterial endocarditis is suspected. The sen- 
sitivity of blood cultures in human patients with endo- 
carditis varies from 80 percent when a single culture is 
obtained up to 100 percent when three or more cul- 
tures are procured.” ® 81-84 Positive blood cultures have 
been reported in about 75 percent of dogs with bacte- 
rial endocarditis.* ° Increased sample volume substan- 
tially improves the sensitivity of blood culturing.” In 
one study, yields from cultures of 20 and 30 ml of 
blood were shown to be 38 percent and 62 percent 
higher, respectively, than from 10 ml of blood.** Vol- 
umes of blood larger than this do not increase yield 
but increase the likelihood of iatrogenic anemia. It is 
important not to place larger volumes of blood into 
media bottles designed for 10-ml blood samples. The 
blood in blood culture vials is diluted at 1:5 to 1:10 to 
reduce the concentration of circulating antibacterial 
factors (complement, immunoglobulins, phagocytes). 
The possibility of accidental contamination is less likely 
when the same organism is cultured from several dif- 
ferent blood samples. In this regard, each culture 
should be obtained from a different venipuncture site. 
Regardless of the volume of blood obtained or number 
of bottles inoculated, blood obtained from a single 
venipuncture constitutes one culture. 

Other recommendations for blood culture tech- 
niques are changing as some widely held beliefs re- 
garding blood cultures are being re-evaluated.* 86-9 
Over the last few decades, the number of anaerobic 
isolates from blood cultures obtained from human 
patients with IE has diminished greatly.' 8 Such studies 
have prompted some to recommend only aerobic 
blood culturing.*” With these considerations in mind, 
two alternative culturing techniques can be consid- 
ered: (1) Each 20-ml sample of blood can be divided 
and inoculated into aerobic and anaerobic media, or 
(2) 20 ml of blood can be used to isolate aerobic 
species only. The latter method emphasizes the impor- 
tance of blood volume on culture yields and assumes 
that there is a low likelihood of a positive anaerobe 


INFECTIOUS ENDOCARDITIS 575 


culture. The relative merits of these two approaches in 
veterinary patients is uncertain. 

Bacteremia is known to precede the development of 
a recurring fever by 1 or 2 hours.*? This fact is of 
limited clinical utility because it is virtually impossible 
to predict when a fever spike will occur in patients 
with intermittent bacteremia. In these circumstances, 
the infecting organism is most likely to be cultured 
and identified when multiple sets of blood cultures 
are collected at wide intervals. The timing of blood 
culturing is irrelevant in those clinical situations in 
which continuous bacteremia is suspected, such as pa- 
tients with endocarditis and septic thrombophlebitis. 
In patients receiving antibiotics, blood culture collec- 
tion should be accomplished during the trough levels 
of antibiotics.” The belief that blood cultures should 
not be obtained from an indwelling catheter has re- 
cently been challenged.** When the blood culture re- 
sults of samples drawn through indwelling intravenous 
and arterial cannulas were compared with samples 
drawn simultaneously by percutaneous venipuncture, 
92 percent of 174 comparisons were identical.* This 
study, performed in humans, has not yet been dupli- 
cated in dogs and cats. 


ELECTROCARDIOGRAPHY AND 
THORACIC RADIOGRAPHY 


Electrocardiography detects arrhythmia and conduc- 
tion disturbances in as many as 50 to 75 percent of the 
dogs with IE,” *° Reported rhythm disorders include 
atrial and ventricular premature depolarizations, paroxys- 
mal and sustained tachyarrhythmia, bundle branch 
block, and first-, second-, and third-degree atrioventricu- 
lar block.* ™ 4 Arrhythmias develop as a consequence of 
bacterial invasion into the myocardium, from myocardial 
hypoxia, from embolism of portions of vegetations into 
the coronary circulation, and as a result of immune- 
mediated vasculitis. Serious arrhythmias, such as sus- 
tained ventricular tachycardia and atrial fibrillation, 
negatively affect prognosis.” 

Thoracic radiography is most useful for evaluation 
of the pleural space and pulmonary parenchyma and 
specifically for the detection of left-sided congestive 
heart failure. Radiographically detectable left atrial 
and ventricular enlargements are observed only when 
moderate-to-severe valvular insufficiency has devel- 
oped. Serial radiographic evaluation is particularly 
helpful for assessing those patients with rapidly prog- 
ressing valvular insufficiency. As a general rule, echo- 
cardiography is more sensitive and more specific than 
radiography or electrocardiography for detecting car- 
diac chamber enlargement. 
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THERAPY 


Antimicrobial therapy is the mainstay of treatment 
for patients with IE, but such therapy must often be 
combined with other medicaments or interventions. 
The goals of therapy are (1) to sterilize the vegetative 
lesion(s), (2) to attend to any adverse cardiac sequelae, 
and (3) to manage any systemic abnormalities associ- 
ated with the infection. 


ANTIBIOTIC REGIMENS 


Bactericidal antibiotics capable of penetrating the 
fibrin-rich matrix of vegetations should be adminis- 
tered for at least 2 weeks and for as long as 6 weeks 
to ensure complete kill of the offending organism. 
Intravenous administration of bactericidal antibiotics is 
advisable initially to ensure that minimum bactericidal 
concentrations are rapidly attained.” è Although anti- 
biotic regimens ideally are selected based on culture 
and sensitivity testing, therapy is usually instituted be- 
fore culture results are known. Considering the wide 
range of microorganisms isolated from dogs and cats 
with endocarditis, initial treatment with gentamicin or 
amikacin in combination with penicillin, ampicillin, 
oxacillin, or nafcillin is reasonable.* è °° More com- 
plete anaerobic coverage can be realized by the addi- 
tion of clindamycin or metronidazole. This treatment 
regimen is also appropriate in IE cases with negative 
blood culture results. 

Knowledge of those organisms commonly isolated 
from animals with IE and sepsis, and the typical suscep- 
tibility patterns of those organisms, helps guide ther- 
apy (Tables 26-3, 26-4). Specific regimens for treating 
TE in humans have been developed and should be 
consulted when uncommon or highly resistant organ- 


TABLE 26-3 
Organisms Commonly Recovered from Dogs and Cats 
with Infective Endocarditis and Sepsis 


Infectious Endocarditis 
Corynebacterium spp (typically serovar 7) 
Streptococcus spp 
Staphylococcus spp 
Pseudomonas aeruginosa 
Escherichia coli 
Erysipelothrix rhusiopathiae 


Sepsis /Bacteremia 
Proteus Bacteroides* 
Salmonella* Enterococcus 
Corynebacterium spp Evysipelothrix rhusiopathiae 
Streptococcus spp Staphylococcus spp 


Escherichia coli* 
Clostridium* 


Pseudomonas aeruginosa 
Klebsiella pneumoniae* 
Fusobacterium 


*Common isolates from bacteremic cats. 


isms are cultured in a dog or cat. The toxicity of the 
aminoglycosides usually limits their use to the initial 5 
to 7 days of treatment. Thereafter, antimicrobials suit- 
able for prolonged administration must be selected. 
There is increasing interest in the fluoroquinolones 
and third-generation cephalosporins for treating diffi- 
cult infections.** * The efficacy of the fluoroquino- 
lones for treating bacterial endocarditis is uncertain, 
and the emergence of resistant organisms is of growing 
concern with this group of antimicrobials.*® The third- 
generation cephalosporins (cefotaxime, moxalactam, 
cefoperazone, ceftizoxime) have gram-positive, gram- 
negative, and anaerobic spectra and are highly B-lacta- 
mase resistant. Imipenem, a carbapenem antibacterial 
agent, has the widest spectrum of any B-lactam antibi- 
otic. It is resistant to type I B-lactamase and is an 
attractive choice as empiric therapy for patients with 
sepsis.” In patients with compromised renal function, 
a first-generation cephalosporin (cephalothin, cefa- 
zolin, cephalexin, cefadroxil) is likely to be efficacious 
for gram-positive infections but has only intermediate 
efficacy against gram-negative infections or anaerobes. 
When gram-negative or anaerobic infection is sus- 
pected, a second-generation cephalosporin (cefoxitin, 
cefamandole, cefotetan, cefaclor, cefonicid) would be 
more advisable. 


HEART FAILURE AND ARRHYTHMIA 


Heart failure is the most common cause of death 
in dogs with infectious endocarditis.” * Because valve 
replacement surgery is unavailable to most veterinary 
patients, the development of serious valvular insuffi- 
ciency or heart failure warrants a poor or grave prog- 
nosis, particularly in dogs with aortic endocarditis.? 
Signs of heart failure may be palliated by administra- 
tion of cardiac glycosides, diuretics, and a vasodilator 
or angiotensin-converting enzyme inhibitor. Compared 
with digitalis alone, vasodilators decrease the progres- 
sion of myocardial hypertrophy and lessen the severity 
of myocardial dysfunction.” *? Blood pressure should 
be carefully monitored in patients with aortic regurgi- 
tation as they frequently have low diastolic pressure 
and are at increased risk for hypotension. Placement of 
a synthetic valvular prosthesis or allograft is a possible 
treatment option, but this remedy has not been re- 
ported in dogs or cats with endocarditis.'°°' 

Life-threatening arrhythmia or those rhythm disor- 
ders with serious hemodynamic consequences should 
be treated with appropriate antiarrhythmic drugs 
(chapters 17, 18). High-grade second-degree or com- 
plete atrioventricular block may necessitate pacemaker 
implantation. This causes a formidable dilemma in 
that infection of the implanted device is likely, posing 
another potentially devastating complication.'” 


TABLE 26-4 


Antibiotics Commonly Used in the Therapy of Infectious Endocarditis and Sepsis 


INFECTIOUS ENDOCARDITIS 577 


Classification 


Aminoglycosides 


Carbapenem* 


Ist-generation 
cephalosporins 


2nd-gencration 
cephalosporins 


3rd-generation 


cephalosporins* 


Lincosamide 


Nitroimidazole 


Penicillins 


}-Lactamase-resistant 
penicillins 


Carboxypenicillins 


Quinolones 


Representative Drugs/ 
Dose /Route 


Comments 


Gentamicin, 2-4 mg/kg q8h IV 
Amikacin, 7-10 mg/kg q8h IV 


Imipenem, 2-5 mg/kg q8h IV 


Cefazolin, 15-33 mg/kg q8h IV, 
IM 

Cephalexin, 20-60 mg/kg q8h 
PO 

Cefoxitin 25-40 mg/kg q8h IV, 
IM 

Cefaclor 6-13 mg/kg q8h PO 


Cefotaxime, 20-80 mg/kg q8h IV 
Moxalactam, 50 mg/kg IV, IM 
q6-8h 


Clindamycin, 5-15 mg/kg qlh 
IV; 22 mg/kg q24h PO 


Metronidazole, 10-15 mg/kg q8h 
IV, PO 


Ampicillin, 20-50 mg/kg q8h IV, 
IM, PO 

Amoxicillin, 20-30 mg/kg q8h 
IV, IM, PO 

Nafcillin, 25-50 mg/kg q6h IV 
amoxicillin/clavulanate, 11-22 
mg/kg q8h PO 

Ticarcillin, 40-75 mg/kg q6-8h 
IV, IM 

Carbenicillin, 20-40 mg/kg 
q4-8h IV, IM 

Enrofloxacin, 5 mg/kg q12h, PO, 
IM, IV 

Norfloxacin, 22 mg/kg q12h PO 


Spectrum 
Gram —, Staph aureus 
Gram +, gram —, anaerobes 


Gram +, intermediate against 
gram — 


Gram +, anaerobes, gram — 
(not Pseudomonas spp) 


Gram +, gram —, anaerobes 


Strep spp, Staph spp, anaerobes 
(especially Bacteroides spp) 


Protozoa, obligate anaerobes, not 
facultative anaerobes or 
obligate aerobes 


Gram + (Strep spp, some Staph 
spp), anaerobes (not B- 
lactamase producers) 


Gram + (most Staph spp), not 
anaerobes or gram — 
organisms 

Gram + (most Staph spp), gram 
— and anaerobes 


Gram — and Staph aureus, not 
Sirep spp 


Ototoxicity, nephrotoxicity, 
therapeutic serum levels: 
Gentamicin: trough (should 
drop below) 2 pg/ml, peak 
(should not exceed) 8-12 pg/ 
ml. Amikacin: trough 2.5 pg/ 
ml, peak 25 pg/ml 

Resistant to type I B-lactamase; 
decrease dose with renal 
dysfunction; may cause GI 
upset and hypersensitivity 

Ineffective against anaerobic spp, 
especially Bacteroides fragilis and 
Bacteroides spp 


Cephalosporins may cross-react 
in penicillin-sensitive people 
and are ineffective against 
Clostridium spp 

Highly B-lactamase resistant; may 
impair coagulation and platelet 
function; cross-react in 
penicillin-sensitive people 

Good leukocyte and tissue 
penetration; IV fusion may 
cause hypotension; do not use 
with chloramphenicol 

Good tissue penetration; may 
cause GI (nausea, vomiting) 
and CNS (ataxia, nystagmus, 
seizures) signs 

Have been associated with 
hypersensitivity in some people 


May cross-react in penicillin- 
sensitive people 


May prolong bleeding time and 
reduce platelet function 


May be effective if bacterial 
resistance to aminoglycosides 
has developed 


*Represents antibiotic groups that would be appropriate single-agent therapy in infections of unknown, potentially mixed origin. 


SYSTEMIC INFECTIONS AND SEPSIS 


PREVENTION 


Patients with septic shock are particularly difficult to 
treat, and the best approach to such patients is uncer- 
tain. Although high doses of glucocorticoids given 
prior to or within the first 2 hours of the onset of 
sepsis improve survival in experimental models of sep- 
tic shock, their use has an adverse effect on the survival 
of dogs with infective endocarditis.* ° 6°. 10410 Manipu- 
lation of the individual mediators of sepsis, although 
replete with potential benefit, has been met with am- 
biguous clinical results.” °° The treatment for sepsis 
includes antibiotic therapy and supportive care (chap- 
ters 14, 15). 


The prophylactic use of antibiotics for this condition 
is controversial. 3% 10%12 Citing the severe conse- 
quences of infective endocarditis, most authoritative 
sources urge antibiotic treatment of patients with pre- 
disposing cardiac conditions when they are subjected 
to procedures causing bacteremia.'* ° The authors 
recommend IE prophylaxis in dogs with predisposing 
cardiovascular lesions (subaortic stenosis, ventricular 
septal defect, patent ductus arteriosus, cyanotic con- 
genital heart disease) undergoing dental scaling, tooth 
extraction, and surgery of the upper respiratory, gas- 
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trointestinal, or infected genitourinary tracts. The anti- 
biotic selected depends upon the nature of the proce- 
dure and the organism most likely to cause bacteremia. 
Accordingly, amoxicillin, administered orally, or ampi- 
cillin IM or IV 1 hour before and 6 hours after the 
initial dose, is recommended for use with dental, oral, 
and upper respiratory tract procedures. Ampicillin and 
gentamicin, administered IV 30 minutes before the pro- 
cedure and 8 hours after the initial dose, is recom- 
mended for use with genitourinary or gastrointestinal 
procedures." 

A growing number of investigators have challenged 
the administration of antibiotics to prevent endocardi- 
tis. It has been argued that only 6 percent of all human 
cases of IE could be prevented with prophylaxis." 1 
Given the expense and possible adverse effects of antibi- 
otics, the risk-to-benefit ratio and economic rationale of 
prophylactic antibiotic treatment have also been ques- 
tioned. Despite these concerns, prophylaxis against IE is 
practiced in most developed countries. 
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CLINICAL IMPORTANCE 


The cardiomyopathies are a group of diseases that primarily and predomi- 
nantly affect the heart muscle. The primary cardiomyopathies, by definition, 
are idiopathic diseases that are not the result of an identifiable systemic 
disorder or any other type of congenital or acquired heart disease.' Patients 
with idiopathic myocardial disease are additionally classified into dilated, 
hypertrophic, and restrictive groupings based on the predominating func- 
tional and pathologic abnormalities detected clinically or at necropsy (Table 
27-1).'* Dilated cardiomyopathy is far and away the most prevalent form of 
cardiomyopathy in dogs.®*7 Hypertrophic cardiomyopathy is, by compari- 
son, an uncommon disorder, and restrictive cardiomyopathy is so rare that 
it is not recognized as a distinct clinical syndrome in dogs.’ It has become 
fashionable in recent years to refer to the canine cardiomyopathies as 
breed-specific syndromes, e.g., Doberman, boxer dog, and cocker spaniel 
cardiomyopathy. This practice was prompted by breed-associated differences 
in presenting clinical signs, clinical course, and eventual outcome, and 
by the suspicion that the underlying cause of cardiomyopathy varies in 
different breeds. 

Myocardial diseases resulting from well-defined disease processes are ap- 
propriately referred to as secondary myocardial diseases or as specific heart 
muscle diseases. The World Health Organization (WHO) classification 
scheme specifies that the term “cardiomyopathy” be used exclusively to 
designate only those myocardial diseases of unknown or uncertain etiology." 
If the term is to be applied to a disorder with a defined etiology, it should 
at least be described by an appropriate modifier, such as hyperthyroid 
cardiomyopathy, ischemic cardiomyopathy, hypertensive cardiomyopathy, or 
taurine deficiency cardiomyopathy. Those secondary myocardial diseases 
that have been reported in dogs and cats are listed in Table 27-1. Although 
the terminology and classification schemes described herein suffer from 
certain ambiguities and deficiencies, they provide an adequate framework 
for communicating the essential features of this constantly evolving group 
of diseases. 
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TABLE 27-1 
Classification of Canine Myocardial Diseases 


Primary Myocardial Diseases (Cardiomyopathies) 
Dilated cardiomyopathy 
Breed-specific subcategories 
Doberman pinschers 
Boxer dogs 
Cocker spaniels 
Portuguese water spaniels 
Hypertrophic cardiomyopathy 
Obstructive form 
Nonobstructive form 
Restrictive cardiomyopathy (endomyocardial fibrosis) 
Unclassified (indeterminate) cardiomyopathy 
Atrioventricular myopathy 
Right ventricular cardiomyopathy 


Secondary Myocardial Diseases 
Drugs and toxins 
Anthracyclines—doxorubicin 
Catecholamines 
Jonophores 
Genetic 
Canine X-linked muscular dystrophy (Duchenne’s) 
Infiltrative 
Glycogen storage diseases 
Mucopolysaccharidosis 
Neoplasia 
Ischemic 
Metabolic 
Acromegaly 
Diabetes mellitus 
Hyperthyroidism 
Systemic hypertension 
Idiopathic 
Renal disease 
Hyperadrenocorticism 
Nutritional 
Taurine deficiency 
Vitamin E/selenium deficiency 
L-Carnitine deficiency 
Inflammatory—myocarditis 
Infectious—viral, protozoal, bacterial, fungal 
Parvovirus, distemper virus 
Chagas’ disease, neosporosis, Lyme disease 
Noninfectious 


PRIMARY MYOCARDIAL 
DISEASES OF DOGS 


CANINE DILATED CARDIOMYOPATHY 


PREVALENCE AND DEMOGRAPHICS 


Dilated cardiomyopathy (DCM) is one of the most 
common acquired cardiovascular diseases of dogs.” + 
7 * Only degenerative valvular disease and, in some 
geographic regions, heartworm disease are more im- 
portant causes of cardiac morbidity and mortality in 
dogs. The syndrome of canine dilated cardiomyopathy 
went unrecognized through the 1950s and much of 
the 1960s.'° During the 1970s and early 1980s, the 
pathologic features of the most common types of myo- 
cardial disease in dogs and cats were described and 
categorized, and the clinical importance of these disor- 


ders was recognized. It was not until the introduction 
of echocardiography into clinical veterinary practice 
that a diagnosis of myocardial disease could be con- 
firmed inexpensively and with a high degree of cer- 
tainty on a routine basis. These studies established that 
large and giant breed dogs are particularly at risk for 
DCM, but that smaller breed dogs, such as cocker 
spaniels, may also be affected. 

Surprisingly little information has been published 
documenting the prevalence of DCM. In 1988, an 
Italian study of 7148 dogs estimated the prevalence of 
DCM at 1.1 percent." A more recent survey of 342,152 
cases registered in the Veterinary Medical Data Base 
(VMDB) at Purdue from 1986 through 1991 indicated 
that the prevalence of canine DCM was 0.5 percent.’ 
Depending on the precise criteria used, myocardial 
disease comprises 10 to 40 percent of the cardiology 
caseload in a teaching hospital environment (see chap- 
ter 23). The prevalence of canine dilated cardiomyopa- 
thy may be increasing owing to the rising popularity 
of certain predisposed breeds or, perhaps, because of 
the increased awareness of the practicing veterinarian.’ 
It is interesting that the incidence of cardiomyopathy 
is also reported to be increasing in people.'* '* 

In North America, canine DCM is diagnosed most 
often in the Doberman pinscher breed, and somewhat 
less often in other large and giant breed purebred 
dogs. This is reflected in the breed enrollment pattern 
of a recent therapeutic trial involving dogs with conges- 
tive heart failure due to DCM (Table 27—2).'* However, 
in a recent Swedish study, Newfoundlands were diag- 
nosed with DCM twice as often as any other breed 
(44/189 cases), followed by cocker spaniels (23/189 
cases), Doberman pinschers (17/189), and Labrador 
retrievers (14/189).'° Since the breed distribution of 
DCM cases varies by region in accordance with the 
popularity of the various predisposed breeds, it is use- 


TABLE 27-2 

Breed Distribution of Dogs with Dilated 
Cardiomyopathy Enrolled in the 
Enalapril Treatment Trial" 


Frequency: 
Breed No. of Dogs 
Cocker spaniel 3 (4.1%) 
Doberman pinscher 42 (56.8%) 
German shepherd 4 (5.4%) 
Great Dane 5 (6.8%) 
Irish wolfhound 3 (4.1%) 
Labrador retriever 4 (5.4%) 
Old English sheepdog 3 (4.1%) 
Terrier 1 (1.4%) 
Other 9 (12.2%) 
Total 74 (100%) 


From Ettinger S, Lusk R, Brayley K, et al, for The Cooperative Veterinary 
Enalapril (COVE) Study Group. Evaluation of enalapril therapy in dogs with 
heart failure in a large multicenter study. Proceedings, 10th Annual Veterinari- 
ans Medical Forum, ACVIM 1992, p 584. Copyright 1992 Stephen J. Ettinger. 


ful to know the prevalence of DCM within those breeds 
at greatest risk. In the 1986-1991 VMDB survey de- 
scribed earlier, the prevalence of DCM was 5.8 percent 
in Doberman pinschers, 5.6 percent in Irish wolf- 
hounds, 3.9 percent in Great Danes, 3.4 percent in 
boxer dogs, 2.6 percent in Saint Bernards, 1.7 percent 
in Afghan hounds, 1.3 percent in Newfoundlands, and 
0.9 percent in Old English sheepdogs (Fig. 27-1).’ In 
a small population of Scottish deerhounds examined, 
the prevalence of DCM was 6.0 percent. By compari- 
son, the prevalence of DCM was 0.69 percent in En- 
glish cocker spaniels and 0.34 percent in American 
cocker spaniels. The prevalence rate of DCM in mixed 
breed dogs was approximately 0.16 percent compared 
with 0.65 percent in purebred dogs. Dilated cardiomy- 
opathy was reported only rarely in dogs weighing less 
than 12 kg. 

Dilated cardiomyopathy occurs in dogs of all ages, 
but the risk of DCM increases substantially with advanc- 
ing age (VMDB, Fig. 27-2).”? Owing to the smaller 
number of aged dogs examined, the majority of dogs 
presented for evaluation and treatment of heart failure 
due to DCM are between 4 and 10 years old. In contra- 
diction to this general pattern, a new form of cardio- 
myopathy has recently been described that affects 
young (2- to 32-week-old) Portuguese water dogs.'® 
Affected pups usually die within days following the 
onset of symptoms, and, as yet, there are no reported 
cases in adult dogs. Gender also appears to influence 
the risk of developing heart failure caused by DCM, at 
least in some breeds. This fact is evidenced by the 2:1 
male/female ratio observed overall in the 1986-1991 
VMDB survey, as well as in other studies.” '* 7- In 
most published studies of Doberman pinschers with 
DCM, 70 percent to 80 percent of the dogs with signs 
of congestive heart failure were males.'** In a recent 
report describing DCM in Dalmatians, all the affected 
dogs were males.** This pattern of male predominance 
is not observed in all affected breeds nor in asymptom- 


FIGURE 27-1 


The prevalence of dilated 
cardiomyopathy (DCM), 
displayed as a percent of new 
hospital admissions, is highest in 
large and giant purebred dogs. 
Male predominance is observed 
in most but not all affected 
breeds. Source: Veterinary 
Medical Data Base (VMDB), 
Purdue University. (From Sisson 
DD, Thomas WP. Myocardial 
diseases. Jn Ettinger SJ, Feldman 
EC (eds): Textbook of Veterinary 
Internal Medicine. 4th ed. 
Philadelphia, WB Saunders, 1995, 
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atic dogs with occult disease.***’ In a study of 193 
asymptomatic Doberman pinschers, O’Grady and 
Horne found no sex predilection either for subclinical 
myocardial dysfunction or for ventricular ectopia.** In 
a recent study of Newfoundlands with signs of heart 
failure due to DCM, 23 of 37 affected were females.” 
Nor is there an apparent sex predilection in the small 
numbers of cocker spaniels identified with DCM and 
a low plasma taurine concentration.” A recent study” 
of related boxer dogs suggests that cardiomyopathy in 
this breed is inherited as an autosomal dominant trait, 
reinforcing prior observations indicating no sex 
predilection.” *° 


PATHOLOGY i: 


In most dogs dying of heart failure due to DCM, 
the heart is markedly enlarged and the myocardium 
appears pale, soft, and flabby. In Doberman pinschers 
and boxer dogs, dilation of the left atrium and left 
ventricle predominates (Fig. 27-3A), but in other 
breeds, such as Newfoundlands, Irish wolfhounds, and 
cocker spaniels, all chambers of the heart are grossly 
dilated.*: * 25-27. 3-37 The ratio of left ventricular wall 
thickness to chamber diameter is decreased, and the 
circumferences of the annuluses of the mitral and 
tricuspid valves are increased in proportion to the 
magnitude of chamber dilation. The papillary muscles 
often appear flattened and atrophic. Depending on 
the age of the dog, the mitral and tricuspid valve 
leaflets may be midlly to moderately thickened and 
the chordae tendineae may be slightly thickened and 
elongated. These valvular changes are modest when 
compared with those observed in dogs dying from 
chronic valvular insufficiency caused by myxomatous 
degeneration (see chapter 25). The endocardium of 
the left atrium and ventricle is often mildly thickened. 
The presence and severity of myocardial hypertrophy 
is not always immediately evident due to the extremely 
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PREVALENCE OF CANINE DCM BY AGE 
(Boxer, Doberman, Great Dane - VMDB, Purdue 1986-1991) 
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dilated chambers. Myocardial hypertrophy is best dem- 
onstrated and quantified by measurement of total 
heart weight and calculation of heart weight/body 
weight or heart weight/body surface area ratios. For 
example, in Newfoundlands dying of DCM, heart 
weight/body weight ratios varied from 193 to 292 gm/ 
m?, with a mean of 257 gm/m? (normal value = 
120 gm/m?).*” Small, scattered areas of myocardial 
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FIGURE 27-2 


Prevalence of dilated cardiomyop- 
athy by age group for the three most 
commonly affected breeds of dogs. 
Most breeds show increasing 
prevalence with advancing age. 
Source: Veterinary Medical Data 
Base (VMDB), Purdue University. 
(From Sisson DD, Thomas WP. 
Myocardial diseases. /n Ettinger SJ, 
Feldman EC (eds): Textbook of 
Veterinary Internal Medicine. 4th 
ed. Philadelphia, WB Saunders, 
1995, p 995.) 
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necrosis, hemorrhage, or fibrosis may be observed, but 
such lesions are usually not extensive. 

Histologic changes observed in the myocardium of 
dogs dying from DCM are modest in relation to the 
severe degree of functional impairment observed clini- 
cally. Scattered foci of myocardial degeneration, with 
myocytolysis and vacuolization of myocytes, overt myo- 
cardial necrosis, and myocyte atrophy, are identified in 


FIGURE 27-3 


(A) Dilated cardiomyopathy heart from a Doberman pinscher. The left ventricle is markedly dilated, 
but the myocardium grossly appears normal. (B) This photomicrograph of the interventricular 
septum of a Doberman pinscher that died suddenly shows atrophied muscle fibers replaced by 
fibrous connective tissue. Trichrome stain; bar = 52 um. (From Calvert CA, Hall G, Jacobs G, et al. 
Clinical and pathologic findings in Doberman pinschers with occult cardiomyopathy that died or 
developed congestive heart failure: 54 cases (1984-1991). J Am Vet Med Assoc 210:505, 1997.) 


most dogs dying of DCM.” ?” 3-37 Damaged myocytes 
are replaced by varying amounts of fibrous or fatty 
tissue. Attenuated, wavy myofibers are a consistent and 
relatively specific histologic finding.” Myocardial le- 
sions are most pronounced in the base of the papillary 
muscles, in the interventricular septum, and in the 
subendocardial regions of the left ventricular free wall 
(Fig. 27-3B). There are no substantial differences in 
the histologic changes observed in dogs dying sud- 
denly and those dying of congestive heart failure.” In 
boxer dogs, the right ventricular wall is the earliest 
and most severely affected region of the heart.” In 
advanced cases, widespread areas of myocardial fibrosis 
and fatty infiltration are observed. Remodeling of the 
intramural coronary arterioles is evidenced by intimal 
hyperplasia and extensive hypertrophy of smooth mus- 
cle cells in the media. Of particular note, inflammatory 
lesions are minimal or absent in most affected dogs 
dying of DCM. Small collections of cellular infiltrates, 
usually lymphocytes, plasma cells, and macrophages, 
are generally confined to focal areas of active myofiber 
necrosis. 

Ultrastructural abnormalities described in dogs with 
DCM include scattered foci of degenerated myocardial 
cells exhibiting varying degrees of myocytolysis, mild 
to marked sarcoplasmic vacuolization, and increased 
intracytoplasmic collections of large, dense lipofuscin 
granules.: In more severely affected myocardial 
cells, the myofibrils are disrupted, disoriented, and 
loosely arranged in the cytoplasm together with large, 
scattered deposits of glycogen. Mitochondria are often 
increased in number and may be large and irregularly 
shaped, with abnormal or disrupted internal cristae.” 
These ultrastructural changes are generally regarded 
as nonspecific markers of cell damage. Pathologic stud- 
ies to date have failed to identify the primary mecha- 
nism(s) responsible for reduced myocardial function 
in dogs with DCM. 


ETIOLOGY/PATHOGENESIS OF DILATED 
CARDIOMYOPATHY 


Proposed causes of canine DCM include viral infec- 
tion, autoimmunity, myocardial toxins, microvascular 
hyperreactivity, nutritional deficiency, persistent or re- 
current tachycardia, and a large number of genetic 
abnormalities.' It is likely that there are many differ- 
ent etiologies in dogs with DCM inasmuch as more 
than one primary disease process can induce the same 
functional and morphologic abnormalities.*” * 


Familial and Genetic Basis of DCM 


The current consensus of opinion is that the major- 
ity of canine DCM cases have a familial or genetic 
basis, but the evidence for a genetic cause of DCM in 
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dogs is by no means incontrovertible. The increased 
prevalence of myocardial disesase in Doberman 
pinschers, boxer dogs, Newfoundlands, cocker span- 
iels, Irish wolfhounds, and Great Danes certainly sug- 
gests a genetic basis for DCM in these breeds. Recent 
studies of boxer dogs with ventricular arrhythmia indi- 
cate that cardiomyopathy in this breed is inherited as 
an autosomal dominant trait.” Involvement of more 
than 50 percent of family members in some groups of 
Doberman pinschers (O’Grady, personal observation) 
argues strongly for a heritable predisposition or ge- 
netic abnormality in this breed as well. Most of the 
Doberman pinschers in the United States can be 
traced to one of seven closely related dogs, three of 
which died suddenly.’* ” Dilated cardiomyopathy in 
Portuguese water dogs appears to be inherited as an 
autosomal recessive trait..° The occurrence of idio- 
pathic cardiomyopathy has also been tracked through 
three generations of English cocker spaniels and 
shown to be associated with a particular C4 pheno- 
type.” 

Twenty to thirty percent of human DCM cases are 
thought to be familial, and most demonstrate an au- 
tosomal dominant pattern of inheritance.*! ” Familial 
dilated cardiomyopathy in people appears to be a ge- 
netically heterogeneous disorder. Five different loci 
that cosegregate with the DCM have been mapped so 
far.” Currently, there is particular interest in genetic 
defects in the cytoskeletal proteins, including dys- 
trophin and the dystrophin-related proteins.” De- 
fects in the dystrophin gene are responsible for X- 
linked dilated cardiomyopathy in humans, and they 
are also responsible for Duchenne’s and Becker’s mus- 
cular dystrophies. Mutations in other cytoskeletal pro- 
teins, such as metavinculin, alpha-dystroglycan, alpha- 
and gamma-sarcoglycan, and muscle LIM protein, also 
result in dilated cardiomyopathy, suggesting that cy- 
toskeletal proteins play an important role in cardiac 
function.” 


Nutritional Abnormalities 


TAURINE. It appears certain that taurine deficiency 
causes or contributes to the development of myocar- 
dial failure in a small proportion of the dogs with 
DCM, although this relationship is not as well estab- 
lished as in cats (see chapter 32).** 4.48 The mecha- 
nism by which taurine deficiency induces myocardial 
failure is unknown. Taurine is the most abundant free 
amino acid in the heart and is thought to regulate 
intracellular calcium kinetics in some yet to be defined 
fashion. Taurine may also help eliminate oxygen free 
radicals in myocardial cells, thereby protecting the 
integrity of vital organelles and cell membranes. 
Kramer and associates found low plasma taurine con- 
centrations (less than 25 nmol/ml) in 13/76 dogs with 
DCM, including 3/3 cocker spaniels and 4/6 golden 
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retrievers.“ It is important to note that most dogs 
with DCM in this study, including 32/33 Doberman 
pinschers, had no evidence of taurine deficiency. A 
subsequent study showed that myocardial function im- 
proves in most cocker spaniels with DCM following 
supplementation with taurine and L-carnitine to the 
extent that traditional medical therapy for heart failure 
could be withdrawn without adverse effect.” Although 
the primacy of taurine deficiency in these cocker span- 
iels was confounded by the simultaneous supplementa- 
tion of L-carnitine, we have achieved similar results 
using taurine alone. A recently published case study 
also indicates that L-carnitine is not needed to achieve 
a beneficial response. 

We have measured low plasma taurine concentra- 
tions in other breeds of dogs with DCM, including 
several mixed-breed dogs fed a vegetarian (lentil- 
based) diet. Myocardial function improved slowly but 
markedly over a 6-month period following taurine sup- 
plementation and a change to a more traditional diet. 
It is interesting that some dogs with DCM and a low 
plasma taurine concentration do not improve follow- 
ing taurine supplementation. The relationship be- 
tween taurine-associated DCM in American cocker 
spaniels and DCM in English cocker spaniels is un- 
known. Myocardial function improves substantially in 
some American and English cocker spaniels with low 
plasma taurine concentrations after treatment using 
only conventional medications (digoxin, diuretics, and 
ACE inhibitors without supplemental taurine). In 
some of these patients, plasma taurine concentrations 
rise into the normal range without the benefit of tau- 
rine supplementation (personal communication, Dr. 
Matt Miller, Texas A&M). Nonetheless, it seems pru- 
dent to administer taurine to those dogs with DCM 
and a confirmed low plasma or blood taurine concen- 
tration. 


L-CARNITINE. The notion that carnitine deficiency 
might cause DCM in dogs was first advanced by 
Keene.” He subsequently demonstrated reduced myo- 
cardial concentrations of free carnitine in 50 percent 
to 90 percent of dogs with DCM, including some boxer 
dogs, Doberman pinschers, Samoyeds, and American 
cocker spaniels.” Since plasma carnitine levels do 
not accurately reflect myocardial carnitine content, 
endomyocardial biopsies were required to demonstrate 
this deficiency. The hypothesis that carnitine defi- 
ciency might be a cause of canine DCM was attractive 
for several reasons. First, a heritable form of DCM in 
humans had already been shown to result from an 
inborn error of carnitine metabolism, and second, 
carnitine is known to play an essential role in cardiac 
metabolism, acting to shuttle long chain free fatty acids 
into the mitochondria in the form of esters of acylcar- 
nitine.” Long chain free fatty acids represent the most 
important substrate for myocardial energy needs. In 


addition, carnitine functions as a detoxifying agent 
within the mitochondria, where it binds acyl groups 
and other toxic metabolites accumulating as a result 
of normal mitochondrial activity and transports them 
out of the mitochondria as esters of carnitine. 

Myocardial carnitine levels are reduced in the major- 
ity of cardiac disorders of people, suggesting that myo- 
cardial carnitine concentrations often decline simply 
as a consequence of heart failure.” The same is proba- 
bly true in dogs, and there is little accumulated evi- 
dence to suggest that a deficiency of carnitine causes 
DCM. There is evidence that carnitine supplementa- 
tion can exert a modest beneficial effect in heart fail- 
ure, presumably by replenishing depleted myocardial 
stores.’ There is little evidence to suggest that carni- 
tine supplementation reverses the primary myocardial 
dysfunction responsible for heart failure in the great 
majority of dogs with DCM. Pre-existing cardiac ar- 
rhythmias are not abolished and sudden death is not 
prevented by L-carnitine supplementation. In one re- 
port, carnitine supplementation in two boxer dogs did 
not produce any measurable clinical benefit.” 


OTHER NUTRITIONAL DISORDERS. There have been no 
published studies assessing the potential role of other 
micronutrients in the etiology of cardiomyopathy. 
Thus, the role of thiamine, selenium, cobalt, phospho- 
rus, calcium, and iron remains unknown. It has been 
suggested that a deficiency of coenzyme Q10 (CoQ10, 
or ubiquinone) might be responsible for DCM in peo- 
ple (and/or dogs) and that it might be effective in 
palliating these patients.” Although there is no defini- 
tive evidence for an etiologic role for coenzyme Q10, 
some experimental evidence indicates that it exerts a 
modest beneficial effect in heart failure, perhaps as a 
result of its antioxidant properties.” 


Viral Causation 


With the exception of parvovirus, serious investiga- 
tion into the potential role of viruses in canine DCM 
has not taken place. In humans, viral infection is sus- 
pected as one of the most common causes of 
DCM." °- The enteroviruses, particularly the coxsack- 
ieviruses, are most frequently identified in people in 
this setting.“ The role of viral infections in DCM has 
been difficult to establish in human patients because 
evidence of the putative viral infection is usually absent 
by the time frank congestive heart failure manifests. 
With the advent of improved virus identification meth- 
odologies, evidence of viral nucleic acid in patients 
with DCM has provided stronger evidence for a prior 
viral infection.® The absence of widespread inflamma- 
tion or extensive myocardial damage in most dogs and 
humans dying from DCM certainly argues against a 
viral etiology and supports the hypothesis that one or 


more subcellular metabolic abnormalities is responsi- 
ble for the development of myocardial failure. 67 


Immune-Mediated Disorders 


An emerging body of evidence suggests that DCM 
might be the consequence of immunologic processes. 
Circulating heart-specific autoantibody,® antibody di- 
rected against the beta-adrenergic receptor,® ” anti- 
body directed against the ADP-ATP mitochondrial 
translocator protein,” and antibody against alpha- and 
beta-cardiac myosin heavy chain protein” have been 
implicated in the pathogenesis of DCM either in hu- 
mans or in experimental animals. Immune-mediated 
phenomena seem to play a particularly important role 
in dogs with chronic myocarditis, e.g., Chagas’ dis- 
ease.” Cardiomyopathy in English cocker spaniels is 
associated with circulating antimitochondrial antibody 
and other immunologic abnormalities.” Antibodies 
against the alpha-helical structures of bacterial and 
viral antigens can also cause immune-mediated heart 
disease.” Thus, molecular mimicry may be an im- 
portant mode of immunologic cardiac attack. Drug- 
induced cardiotoxicity may also alter the antigenicity 
of myocytes sufficiently to induce immune reactivity 
to new antigenic epitopes.” It is not clear whether 
autoantibodies directed against cardiac antigens are 
important in the genesis of myocardial failure or 
whether they are simply produced as a consequence 
of cellular damage. Specific HLA antigens are associ- 
ated with DCM in people.” Other immunologic abnor- 
malities identified in people with DCM include re- 
duced suppressor T-cell function and excess T-helper 
cell activity.” 77 


Tachycardia-Induced Myocardial Failure 


Sustained tachycardia, induced by rapid artificial 
pacing, is a commonly used method for creating exper- 
imental heart failure in dogs.” Dogs develop conges- 
tive heart failure when their hearts are artificially and 
continuously paced at 240 beats per minute for 3 to 4 
weeks.” Death from myocardial failure typically occurs 
at 4 to 6 weeks. Tachycardia increases myocardial oxy- 
gen demand yet reduces the time available for ventric- 
ular filling and coronary perfusion. Neurohumoral re- 
sponses, similar to those observed in spontaneously 
occurring heart failure, are evoked, resulting in re- 
modeling of the coronary vasculature, a reduced vol- 
ume fraction of capillaries, and severely impaired myo- 
cardial function.*! ® Rapid cardiac pacing eventually 
causes a substantial percentage of myocardial cells to 
die while inducing a deficit in contractility in the re- 
maining cells.** §* Long-standing atrial fibrillation, ven- 
tricular tachycardia (VT), or supraventricular tachycar- 
dia (SVT) can also produce reversible myocardial 
dysfunction, with the severity of myocardial dysfunc- 
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tion depending on the type of tachycardia, the heart 
rate, and the duration of the tachycardia." ** Labrador 
retrievers are predisposed to persistent or recurrent 
supraventricular tachycardia, and some affected dogs 
develop profound myocardial failure in association 
with the arrhythmia.” In some but not all cases, myo- 
cardial failure resolves with abolition of the tachycar- 
dia. Some giant breed dogs, including Irish wolf- 
hounds and Great Danes, often present with atrial 
fibrillation and no or only modest ventricular dysfunc- 
tion. Myocardial failure eventually develops in these 
patients, and it is unclear whether this outcome is a 
consequence of chronic atrial fibrillation or simply 
represents progression of an underlying myopathic 
process. 


PATHOPHYSIOLOGY 


The predominant physiologic abnormality in DCM 
patients is impaired systolic ventricular function caused 
by declining myocardial contractility. Impaired systolic 
function is reflected by the decreased rate of ventricu- 
lar pressure development (dp/dt), reduced ejection- 
phase indices (ejection fraction, fractional shortening, 
rate of ejection), and increased end-systolic volume. 
Diastolic ventricular function, as reflected in measures 
of left ventricular compliance, is also abnormal in dogs 
with DCM. Together, these functional disturbances re- 
sult in elevated ventricular end-diastolic, atrial, and 
venous pressures, and ultimately in congestive heart 
failure. Marked reductions in ventricular stroke vol- 
ume result in systemic arterial hypotension and signs 
of low output failure, manifested as weakness, exercise 
intolerance, syncope, or cardiogenic shock. Valvular 
insufficiency, cardiac arrhythmia, and neurohormonal 
compensatory responses contribute to ventricular dys- 
function and signs of cardiac failure in dogs with DCM 
(see chapters 11, 12). Mitral and tricuspid insufficiency 
develop in most dogs with DCM, as demonstrated by 
Doppler echocardiography. In most cases, the magni- 
tude of regurgitation is usually mild, but moderate to 
severe mitral regurgitation can occur, particularly in 
those dogs with concurrent valvular degeneration. 


BIOCHEMICAL ALTERATIONS. The precise mechanisms 
of cardiac dysfunction at the cellular level remain un- 
identified in dogs with DCM. It is particularly difficult 
to establish whether an observed biochemical abnor- 
mality is the principal cause of myocardial dysfunction 
or a more general consequence of cellular damage or 
adaptive change to the heart failure state. Alterations 
in myocyte energetics are believed by many investiga- 
tors to be responsible for reduced contractility in pa- 
tients with DCM. Reduced energy reserves, as indi- 
cated by a reduced creatine phosphate-to-ATP ratio, 
have been demonstrated in people with DCM.* Disor- 
ders of energy supply and reduced availability of ATP 
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would have a profound effect on systolic and diastolic 
function. Morphologic changes in myocardial mito- 
chondria have been observed in dogs with DCM and 
in patients with heart failure from many causes.*® 31 89 
Although most of these changes are regarded as sec- 
ondary alterations, primary mitochondrial defects are 
suspected as the cause of heart failure in at least one 
familial form of DCM in humans.*? 

O’Brien and colleagues have suggested that the pri- 
mary metabolic defect in Doberman pinscher DCM 
is aerobic energy production.” ** These investigators 
documented impaired oxidative production of ATP 
in Doberman pinschers with DCM and showed that 
myocardium from Dobermans with DCM has a 50 
percent reduction in mitochondrial electron transport 
activity and a 90 percent reduction in myocardial myo- 
globin concentration.” ° They further showed that 
these changes were associated with decreased myocar- 
dial ATP concentration and intracellular acidosis.” 
The same investigators have demonstrated modest re- 
ductions in myofibrillar and mitochondrial creatine 
kinase activity in the myocardium of Doberman pinsch- 
ers with DCM, and even more profound reductions in 
cytosolic creatine kinase activity.” 

Since relaxation is an energy-dependent process, re- 
duced myocyte energy stores might also be responsible 
for the diastolic functional abnormalities observed in 
DCM patients. Myocardial relaxation occurs when the 
activator calcium pool is removed from the cytosol. 
Calcium transport from the cytosol to the sarcoplasmic 
reticulum is an energy-dependent process. The rapid 
reduction in cytosolic calcium causes dissociation of 
calcium from troponin, causing tropomyosin to revert 
back to its resting inhibitory conformation. ATP then 
binds myosin, causing dissociation of the actin-myosin 
cross-bridges and relaxation. Removal of calcium from 
the cytosol is initially accomplished by the sarcoplasmic 
reticulum Ca*+-ATPase pump.” The activity of this 
enzyme is controlled by the regulatory protein phos- 
pholamban. Calcium uptake by the sarcoplasmic retic- 
ulum is increased by phosphorylation of phospholam- 
ban. The sarcoplasmic reticulum Ca?*-ATPase pump is 
further modulated by an allosteric effect of ATP.% 97 
High concentrations of ATP induce the uptake of cal- 
cium by the sarcoplasmic reticulum, while low ATP 
concentrations retard calcium removal from the cyto- 
sol. Cytosolic calcium levels are also regulated by the 
sarcolemmal sodium-calcium exchanger. This mecha- 
nism is dependent on the ATP-dependent sodium-po- 
tassium pump. Thus, ATP is important to the function 
of both the sarcoplasmic reticulum Ca?+-ATPase pump 
and the sarcolemmal sodium-calcium exchanger via 
the sodium-potassium pump. 

Some investigators believe that alterations in peak 
activator calcium levels mediate myocardial systolic dys- 
function in DCM patients.** 9 Abnormalities of cyclic 
AMP (cAMP) production, the sarcolemmal L-type 


channels,!*' 1% or the sarcoplasmic reticulum calcium 
release channel'® could cause a reduction of cytosolic 
activator calcium. Calcium release channel (CRC) ac- 
tivity is reduced in dogs with DCM owing to decreased 
activity of Ca?*-ATPase, decreased CRC content, and 
inhibition.’ Decreased production of cAMP in the 
setting of DCM could occur from inhibition of the 
stimulatory G protein'® or an increase in the inhibi- 
tory G protein.’ 107 Other investigators maintain that 
the level of activator calcium is normal in failing 
hearts. Other studies suggest that the loss of contrac- 
tility in DCM patients results from a decrease in the 
sensitivity of the myofilaments to activator calcium, and 
that this effect is due to increased cytosolic concentra- 
tions of inorganic phosphorus and hydrogen ions.!: 109 

Other biochemical abnormalities found in the myo- 
cardium of dogs with DCM include reduced myocar- 
dial carnitine concentrations, °° decreased beta-re- 
ceptor-mediated adenylate cyclase activity!" and 
elevated myocardial concentrations of promatrix met- 
alloproteinase-9 and neutrophil  elastase.'!! This 
change could play a fundamental role in the develop- 
ment of DCM, inasmuch as myocardial function is 
profoundly influenced by the structural integrity of 
the extracellular matrix. 


INFLUENCE OF ARRHYTHMIA. Cardiac arrhythmia, such 
as atrial fibrillation and ventricular tachycardia, is fre- 
quently detected in dogs with DCM. The development 
of atrial fibrillation has important immediate and 
chronic consequences for dogs with underlying heart 
disease. Cardiac output declines by as much as 25 
percent in healthy dogs with induced atrial fibrillation 
as a result of decreased and irregular diastolic filling 
times and the loss of atrial and ventricular 
synchronization.''* 13? Darke!'* has shown that stroke 
volume is severely reduced in dogs with DCM and 
atrial fibrillation when the R-R interval is less than 0.30 
second. With the development of atrial fibrillation, 
right and left atrial pressures increase, and, as a result, 
rapid decompensation may occur when dogs with 
DCM develop atrial fibrillation, particularly if the heart 
rate is greater than 200 beats per minute. Chronic 
atrial fibrillation may also be an important contribut- 
ing cause of progressively deteriorating myocardial 
contractility. Based on studies of humans with DCM, 
atrial fibrillation may also be an important contribut- 
ing cause of sudden death.''® Sustained ventricular 
arrhythmia can cause profound circulatory embar- 
rassment, collapse, and sudden death. The frequency 
and severity of ventricular arrhythmia observed in 
boxer dogs and Doberman pinschers with DCM may 
also be indicative of the likelihood of sudden 
death.!926 116 


CLINICAL PRESENTATION 


The spectrum of clinical signs exhibited by dogs 
with DCM is similar in all breeds, but the observed 


frequency of these signs is conspicuously different in 
many of the commonly affected breeds. Doberman 
pinschers and boxer dogs generally present for signs 
of acute left-sided heart failure, such as coughing and 
dyspnea; or for signs attributable to some life-threaten- 
ing arrhythmia, such as syncope, episodic weakness, or 
collapse.” * Sudden death may be the first observed 
sign in dogs with DCM. Twenty percent to thirty per- 
cent of Doberman pinschers and boxer dogs with DCM 
die suddenly, often during the first or second episode 
of collapse. The remaining dogs either die or are 
euthanized because of heart failure or some other 
intercurrent event. Of those Doberman pinschers de- 
veloping end-stage heart failure, three-fourths present 
with isolated left heart failure whereas one-fourth man- 
ifest signs of biventricular failure (pulmonary edema, 
ascites, + pleural effusion or peripheral edema).” 
Other large and giant breed dogs are much less likely 
to experience syncope or to die suddenly, and they 
are more likely to present with ascites and/or pleural 
effusion than Dobermans or boxers. In a recent study 
of Newfoundlands with DCM, ascites was observed in 
35 percent of the dogs.” This finding is even more 
prevalent in other giant breed dogs. These dogs usually 
have marked left ventricular dysfunction as well, but 
pulmonary congestion is usually less severe compared 
with that observed in Doberman pinschers. Some dogs 
with DCM are presented because of subtle evidence of 
exercise intolerance, and a small percentage of dogs 
with DCM are identified during a physical examination 
for some unrelated problem. In such cases DCM is 
often detected incidentally with the discovery of an 
arrhythmia, gallop rhythm, or systolic murmur. 


PHYSICAL EXAMINATION 


Most dogs with clinical signs due to DCM manifest 
conspicuous evidence of their underlying heart disease 
that is detectable by a carefully conducted physical 
examination. Low-pitched, protodiastolic (S3) gallop 
sounds are a frequent and important clinical finding. 
This transient heart sound is most easily appreciated 
in dogs in sinus rhythm but can also be heard clearly, 
if intermittently, in most dogs with atrial fibrillation. 
An S; gallop sound is strong evidence of severe ventric- 
ular impairment.''""'? In about one half of dogs with 
DCM, a soft regurgitant systolic murmur, typically 
grade 1 to 3/6, is audible over the mitral and/or 
tricuspid valve regions. Careful auscultation of the 
heart also often reveals an irregular rhythm because of 
the presence of isolated ventricular or supraventricular 
premature beats, paroxysmal ventricular or supraven- 
tricular tachycardia, or atrial fibrillation. Atrial fibrilla- 
tion occurs most frequently in giant breed dogs, such 
as Irish wolfhounds, Newfoundlands, and Great Danes. 
By contrast, premature ventricular beats and ventricu- 
lar tachycardia are more likely to be detected in Dober- 
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man pinschers and boxer dogs. Both breeds occasion- 
ally experience complete heart block.” * 12° A variety 
of other arrhythmia and conduction disturbances can 
develop in dogs with DCM, underscoring the impor- 
tance of electrocardiographic (ECG) evaluation of all 
affected dogs. 

Weak and rapid arterial pulses are detected in the 
majority of dogs with DCM. The markedly irregular 
pulse and accompanying pulse deficits are obvious in 
dogs with frequent premature beats or atrial fibrilla- 
tion. Pulsus alternans, an alternating arterial pulse 
amplitude in the absence of cardiac arrhythmia, is a 
more subtle and less common finding that usually 
signifies profound myocardial failure. Rales, crackles, 
and increased bronchovesicular lung sounds are evi- 
dent in many dogs with left-sided heart failure and 
pulmonary edema. In some dogs, crackles are heard 
only at end-inspiration over the hilar region. In more 
severely affected dogs, these sounds can be heard over 
all lung fields. Jugular venous distention, jugular 
pulses, hepatomegaly, and ascites are detectable in 
most dogs with right-sided or biventricular heart fail- 
ure. In contrast to other species, peripheral edema 
occurs rarely in dogs and only with profound heart 
failure. The heart and lung sounds are sometimes 
muffled as a result of pleural effusion. Weight loss and 
muscle wasting are common in some dogs with DCM, 
but the majority of dogs have normal muscle mass and 
body fat when they first present. Weight loss and mus- 
cle atrophy are more dramatic in dogs that have been 
symptomatic for several months. 


LABORATORY FINDINGS 


A complete blood count (CBC), blood chemistry 
profile, and urinalysis are prudently performed in dogs 
with DCM in order to detect other concurrent diseases 
and to guide therapy. Serum biochemical alterations 
observed in Doberman pinschers with CHF and also 
seen in other breeds include a moderate increase in 
alkaline phosphatase, often with no increase in ALT 
(alanine transaminase) or AST (aspartate transami- 
nase), a mild reduction in globulins with no or only a 
modest decline in serum albumin, a mild increase in 
creatinine and urea, a mild reduction in amylase, a 
moderate reduction in the anion gap, and a mild 
reduction in sodium.'?? An occasional dog with pro- 
found heart failure may exhibit hyperkalemia in associ- 
ation with hyponatremia, falsely suggesting Addison’s 
disease. The CBC findings are not different from those 
of normal dogs except for a moderate lymphopenia 
and occasionally a modest neutrophilia. Blood gas 
analysis or pulse oximetry determinations are particu- 
larly useful for monitoring therapeutic responses in 
animals with severe heart failure. Other tests have 
more limited clinical utility. The taurine concentration 
in blood or plasma should be determined whenever 
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the patient is a cocker spaniel or golden retriever, the 
diet is unusual, or the breed is atypical. Inasmuch as 
thyroidal illness does not appear to be associated with 
DCM, little is to be gained by routinely evaluating 
thyroid function in dogs with DCM.! 


ELECTROCARDIOGRAPHIC ABNORMALITIES 


Resting ECGs recorded from dogs with DCM are 
usually abnormal. Widened or high-amplitude QRS 
complexes, indicating left ventricular enlargement, 
and widened P waves, indicating left atrial enlarge- 
ment, are noted in one third to one half of dogs with 
DCM. It is important to note that these criteria are 
lacking in many affected dogs, and some dogs with 
CHF demonstrate low voltage (1.0 to 1.2 mv or less) R 
waves and slurring of the R-wave downstroke.'** The 
mean electrical axis of the QRS in the frontal plane 
is usually normal. Cardiac rhythm disturbances are 
common in all breeds developing DCM, but the nature 
and prevalence of different arrhythmias vary in differ- 
ent breeds (Table 27-3). For this reason, cardiac ar- 
rhythmias are appropriately discussed in the context of 
breed. The sensitivity of ECG recordings for detecting 
arrhythmia also varies with the duration of the re- 
cording. Continuous ambulatory ECG recordings, of- 
ten referred to as Holter recordings, are performed 
on patients during their regular activity. They offer an 
ideal, noninvasive means to quantify the frequency and 
complexity of any arrhythmia over an extended period 
of time, typically 24 hours, although a 6-hour re- 
cording may be ample in some circumstances.'** 
Holter recordings are particularly useful in Doberman 


TABLE 27-3 

Prevalence of Cardiac Arrhythmias and Conduction 
Disorders in Boxer Dogs, Doberman Pinschers, and 
Newfoundlands with Dilated Cardiomyopathy 


Prevalence (% Affected) 


Boxers Dobermans Newfoundlands 


(n=112)  (n=39) (n= 31) 

Supraventricular Arrhythmias 

Premature depolarizations 18.8 7.7 NR 

Atrial tachycardia 8.0 NR NR 

Atrial fibrillation 10.7 17.9 45.2 
Ventricular Arrhythmias 

Premature depolarizations 45.5 92.3 16.0 

Ventricular tachycardia 38.4 40.0 NR 
Conduction Disturbances 

Left bundle branch block 2.7 NR NR 

Complete A-V block 2.7 NR NR 

NR = not reported. 


From Harpster NK. Boxer cardiomyopathy—A review of the long-term 
benefits of antiarrhythmic therapy. Vet Clin North Am Sm Anim Prac 21:989, 
1991; Calvert CA. Dilated congestive cardiomyopthy in Doberman pinschers. 
Compend Cont Educ 8:417, 1986; and Tidholm A. Dilated cardiomyopthy in 
the Newfoundland: A study of 37 cases (1983-1994). J Am Anim Hosp Assoc 
32:465, 1996. 


pinschers and boxer dogs, which tend to manifest 
frequent ventricular arrhythmias. They can be used to 
correlate the presence or absence of arrhythmia with 
the patient’s symptoms, and to assess the efficacy of 
antiarrhythmic medication.'” 


DOBERMAN PINSCHERS. Ventricular premature com- 
plexes (VPCs) and ventricular tachycardia are re- 
corded in more than three-fourths of Doberman 
pinschers with CHF due to DCM.” In a recent study 
of Doberman pinschers that subsequently died sud- 
denly or developed CHF, ventricular arrhythmias were 
documented in 100 percent of the dogs, using 24-hour 
Holter recordings.” Most other large and giant breed 
dogs with DCM do not exhibit VPCs as often, nor 
do they experience complex ventricular arrhythmia as 
frequently as Doberman pinschers. By comparison, 
atrial fibrillation is observed in only 15 percent to 30 
percent of Doberman pinschers with CHF and DCM.!”° 
This is a lower occurrence rate than is observed in 
many other large and giant breed dogs. Ventricular 
premature complexes are also commonly recorded in 
asymptomatic Doberman pinschers. In two studies of 
193 and 103 asymptomatic Doberman pinschers, the 
frequency of VPCs observed on a resting ECG or dur- 
ing a subsequent echocardiogram was 13.5 percent 
and 14 percent, respectively.** '* Holter recordings of 
asymptomatic Doberman pinschers show an even 
higher occurrence rate.'?” A further discussion of the 
incidence of ventricular arrhythmia in Doberman 
pinschers can be found in the section describing oc- 
cult DCM. 


BOXER DOGS. Ventricular arrhythmias are also very 
prevalent in boxer dogs with cardiomyopathy. In con- 
trast to Doberman pinschers, boxer dogs commonly 
manifest ventricular arrhythmia with no echocardio- 
graphic evidence of myocardial dysfunction when they 
initially present. Ventricular arrhythmias are observed 
in as many as 84 percent of boxers diagnosed with 
DCM, and most affected dogs have more than 20 
VPCs/min.”* *° The morphology of VPCs in boxer dogs 
is quite characteristic in that the configuration of the 
complexes is almost always consistent with a right ven- 
tricular origin (a wide and predominately positive QRS 
deflection in leads I, II, III, Vs, and V4, and a predomi- 
nately negative QRS deflection in lead V,). Monomor- 
phic VPCs are 2.5 times more common than multiform 
VPGs in this breed. Paroxysmal ventricular tachycardia 
occurs in about one third of affected boxer dogs. The 
prevalence of atrial fibrillation is reported to be only 
11 percent in boxers with cardiomyopathy, but the 
study population included many dogs without signs of 
CHF.” °° Infrequent ECG abnormalities detected in 
this breed include paroxysms of supraventricular tachy- 
cardia (7 percent) and third-degree atrioventricular 
heart block (3 percent). 


OTHER LARGE AND GIANT BREEDS. Overall, other large 
and giant breed dogs with DCM seem to experience 
much fewer and less serious ventricular arrhythmias 
than Doberman pinschers and boxer dogs, and they 
also seem to experience a much lower rate of sudden 
death. Atrial fibrillation, however, is a particularly com- 
mon rhythm disturbance that is recorded in as many 
as 75 percent to 80 percent of giant breed dogs with 
DCM.’ 7 12? In one study, only 16 percent of the 
Newfoundlands evaluated had VPCs, and none had 
documented episodes of ventricular tachycardia, but 
45 percent of these dogs had atrial fibrillation (see 
Table 27-3).?” 


RADIOGRAPHIC CHANGES 


Thoracic radiographs are obtained in dogs with 
DCM to evaluate heart size and to determine the pres- 
ence and severity of pulmonary edema or pleural effu- 
sion. Generalized cardiomegaly is the usual finding in 
most large and giant breed dogs with DCM and in 
cocker spaniels (Fig. 27-4). Evidence of biventricular 
heart failure, including pulmonary edema, an en- 
larged caudal vena cava, hepatomegaly, and ascites, is 
typical in these breeds. In some cases there is a substan- 
tial volume of pleural effusion. Cardiomegaly is less 
impressive in most Doberman pinschers and boxer 
dogs with DCM than in many other breeds. Heart size 
should not be used as a measure of the severity of 
myocardial failure, as there is little correlation between 
radiographic heart size and clinical outcome. 

Left atrial enlargement and pulmonary edema are 
the most prominent radiographic changes in Dober- 
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mans and boxer dogs with DCM (Fig. 27-5). Good- 
quality radiographs are required to determine accu- 
rately the presence and severity of pulmonary edema. 
Early (mild) pulmonary congestion is sometimes con- 
fused with other disorders such as chronic bronchitis, 
particularly when prominent peribronchiolar cuffing is 
visible on the thoracic radiographs. This radiographic 
finding often reflects the accumulation of edema fluid 
in the walls of the bronchi and bronchioles. Close 
inspection of the radiographs typically reveals dis- 
tended pulmonary veins and loss of definition of the 
margins of the pulmonary vessels. These vessels lose 
their crisp definition as fluid accumulates in the peri- 
vascular lymphatics and the interstitium. The identifi- 
cation of more severe pulmonary edema is less prob- 
lematic as the perihilar distribution of fluid becomes 
more apparent and air bronchograms become visible. 


ECHOCARDIOGRAPHY 


Echocardiography is essential to establish the diag- 
nosis of DCM and to define the extent of systolic 
and diastolic dysfunction. It is the best available way 
definitively to exclude other causes of heart disease, 
such as acquired valvular or pericardial disease. Cham- 
ber dilation and reduced myocardial contractility are 
the hallmarks of DCM, and these abnormalities can 
be quickly quantified by M-mode or two-dimensional 
echocardiography (Fig. 27—6).* 21-4 114, 116, 126, 128 Short- 
axis end-systolic and end-diastolic dimensions of the 
left ventricle, indexed for body weight, are increased 
in dogs with DCM. Diastolic ventricular wall thickness 
measures are usually in the normal range, although 


FIGURE 27-4 


Lateral (A) and dorsoventral (B) radiographs from an American cocker spaniel with DCM show 
biventricular and biatrial enlargement. (From Sisson DD, Thomas WP. Myocardial diseases. /n 
Ettinger SJ, Feldman EC (eds): Textbook of Veterinary Internal Medicine. 4th ed. Philadelphia, WB 


Saunders, 1995, p 995.) 
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FIGURE 27-5 


This series of lateral (A,C,E) and dorsoventral (B,D,F) radiographs is from a Doberman pinscher 
with dilated cardiomyopathy. Cardiac enlargement is predominantly left sided, and severe perihilar 
pulmonary edema is evident prior to treatment (A,B). Twenty-four hours after treatment with IV 
furosemide and continuous infusions of nitroprusside and dobutamine, the pulmonary edema has 


lessened (C,D). 


dilation of the chambers makes the walls of the heart 
appear thin. Failure of the walls of the LV to thicken 
normally contributes to this effect. Global and symmet- 
ric left ventricular hypokinesis is observed in most 
dogs with DCM. Asymmetric contraction of the left 
ventricular walls, with increased septal wall motion, is 
observed in some dogs with DCM and moderate to 
severe mitral regurgitation. The excursions of the mi- 
tral valve leaflets are often diminished because of low 
cardiac output and decreased venous return. Mitral 
valve closure may be delayed owing to markedly ele- 
vated ventricular filling pressures. The left atrium is 


usually dilated, and this finding can be quickly normal- 
ized by calculation of the left atrial/aortic ratio. Right 
atrial and ventricular dimensions are increased in 
those dogs experiencing biventricular failure, but such 
findings are often absent in boxer dogs and Doberman 
pinschers. 

The systolic ejection phase indices, including LV 
fractional shortening (FS), ejection fraction (EF), and 
velocity of circumferential fiber (VCF) shortening, are 
decreased in proportion to the severity of systolic dys- 
function. In most affected dogs, these contractile indi- 
ces are profoundly depressed at the time of initial 


FIGURE 27-5 Continued 
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Forty-eight hours after treatment was initiated, the pulmonary edema has resolved and the enlarged 


heart is more clearly seen (E,F). 


presentation. Fractional shortening is often in the 
range of 12 percent to 15 percent and changes very 
little once overt congestive heart failure has developed. 
The distance between the mitral valve at its maximal 
opening (E) point in early diastole and the interven- 
tricular septum (EPSS, E-point septal separation) is 
increased as a reflection of a low ejection fraction. 


FIGURE 27-6 


Systolic time intervals (STIs), including left ventricular 
ejection time (LVET) and pre-ejection period (PEP), 
can also be determined to quantify the degree of left 
ventricular dysfunction and to evaluate medical 
interventions.” !* In dogs with DCM, potent positive 
inotropic drugs can increase the duration of a reduced 
LVET and will shorten a prolonged PEP. 


U OF I VET NED 


M-mode (A) and two-dimensional (B) echocardiograms from two Doberman pinschers with dilated 
cardiomyopathy. (A) The M-mode recording was obtained from a Doberman pinscher with 
biventricular heart failure and shows a dilated right ventricle and left ventricle at a level just below 
the mitral valve leaflets. Fractional shortening is markedly decreased, and the amplitudes of the LV 
free wall and interventricular septum are diminished. Pleural fluid surrounds the heart echoes. (B) 
The two-dimensional echocardiogram from another Doberman pinscher was obtained at end-systole 
and demonstrates dilated atria and increased end-systolic dimensions of the left and right ventricles. 
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Spectral and color-flow Doppler echocardiography 
are also helpful in assessing cardiac function in dogs 
with DCM.'* Color-flow Doppler echocardiography 
permits identification of any valve leaks, and provides 
a rough estimation of the severity of valvular insuffi- 
ciency. Doppler indices of systolic performance de- 
rived from aortic flow velocity profiles, such as peak 
acceleration rate and time to peak acceleration, are 
reduced in humans and dogs with DCM.'*! 13? These 
measures are particularly useful for evaluating and 
quantifying the effects of treatment. Such measures 
may be most useful in the context of dobutamine 
stress testing, wherein the goal is to identify dogs with 
subclinical myocardial dysfunction. Evaluation of spec- 
tral Doppler mitral inflow velocity profiles allows non- 
invasive assessment of diastolic function, which is oth- 
erwise quite difficult to accomplish. Preliminary 
studies in humans with DCM suggest that certain ab- 
normalities of diastolic function, such as a prolonged 
relaxation time and increased early diastolic to atrial 
wave ratio (E/A), are associated with markedly re- 
duced exercise tolerance and an adverse outcome 
(poor survival) in patients with DCM.” 


DETECTION OF EARLY, SUBCLINICAL, OR 
“OCCULT” MYOCARDIAL DISEASE 


Many investigators have worked diligently over the 
last decade to define the natural history of canine 
DCM, and some of the most thorough studies have 
been performed in Doberman pinschers. The two 
principal manifestations of Doberman cardiomyopathy 
are cardiac arrhythmias and progressive left ventricular 
dysfunction, just as the two principal causes of death 
related to DCM in this breed are sudden death and 
refractory congestive heart failure.'*” 134 Many studies 
have focused on defining the precise relationship be- 
tween these phenomena over time, using echocardiog- 
raphy and electrocardiography. In this fashion, these 
investigators have begun to develop criteria useful for 
identifying those dogs that are likely, over the course 
of several years, to die suddenly or develop overt con- 
gestive heart failure. 

Several groups of investigators have demonstrated 
that randomly selected and apparently healthy (asymp- 
tomatic) Doberman pinschers have reduced myocar- 
dial contractility compared with other breeds of 
dogs.?* 174 126.195 Additionally, asymptomatic Doberman 
pinschers have been shown to manifest histologic evi- 
dence of myocardial disease that is typical of that 
found in dogs with congestive heart failure due to 
DCM."** Such findings indicate that Doberman pin- 
schers have reduced myocardial reserve prior to the 
onset of heart failure, presumably as the result of some 
innate or acquired myocardial defect.” 

In a recent study, echocardiographic evaluation of 
192 asymptomatic Doberman pinschers demonstrated 


a mean fractional shortening (FS) of 20 percent; a 
mean left ventricular internal diastolic dimension 
(LVIDd) of 39.9 mm; and a mean left ventricular inter- 
nal systolic dimension (LVIDs) of 31.9 mm.” 1 
Twenty-seven of these 192 dogs (14 percent) also dem- 
onstrated at least one ventricular premature beat dur- 
ing a 3- to 6-minute rhythm strip or during the echo- 
cardiogram, and 4 percent demonstrated at least one 
supraventricular beat. In a subsequent study, 51 dogs 
were identified (from the original group of 192 just 
described) that showed no evidence of arrhythmia and 
no deterioration in ventricular function for at least 2 
years following the initial evaluation.'*” In this group 
of 51 dogs, which might be considered representative 
of the “normal” Doberman pinscher population, the 
mean FS was 21 percent (range, 13 percent to 30 
percent), the mean LVIDd was 39.1 mm (range, 32.7 
to 45.2 mm), and the mean LVIDs was 31 mm (range, 
25.7 to 37.9 mm). 

Another prospective 
progress of 103 initially asymptomatic Dobermans. 
Twenty-nine of 103 dogs (28.2 percent) developed 
signs of CHF or died of DCM during the 2.4-yearlong 
follow-up period, including 13/15 dogs with LVIDd 
greater than 46 mm and 14/14 dogs with LVIDs 
greater than 38 mm on the initial examination. Of the 
15 dogs in this study demonstrating at least one VPC 
during the initial examination, all were dead of DCM 
by the end of the study period, and 38 percent of 
these deaths were classified as sudden death.'*° After a 
follow-up period of 4.5 years, 44 of 103 dogs had either 
died suddenly (i.e., 24 dogs) or died from CHF (20 
dogs). Nine other remaining dogs developed progres- 
sive myocardial dysfunction.'** Based on these studies, 
criteria were proposed to identify those Doberman 
pinschers that are at substantial risk of developing 
overt DCM. These criteria included an LVIDd of 
greater than 46 mm or an LVIDs of greater than 38 
mm. Working independently, Calvert and associates 
developed slightly different echocardiographic criteria 
for recognizing “occult?” myocardial disease in asymp- 
tomatic Doberman pinschers.” ** These criteria in- 
clude FS less than 25 percent, LVIDd greater than 45 
mm in dogs weighing less than 38 kg, LVIDd greater 
than 49 mm in dogs weighing more than 37 kg, E- 
point septal separation (EPSS) greater than 8 mm, and 
mean velocity of circumferential fiber shortening less 
than 1.5 circ/sec. 

Ventricular arrhythmias also serve as a marker for 
“occult” myocardial disease in Doberman pinschers. 
Table 27-4 shows the Holter (ambulatory ECG) find- 
ings in 104 asymptomatic Doberman pinschers studied 
at the University of Georgia. Most (70 percent) asymp- 
tomatic Doberman pinschers less than 4 years of age 
did not demonstrate VPCs during a 24hour Holter 
recording, whereas about half of all dogs 4 years of 
age and older had evidence of ventricular ectopy. 


investigation followed the 
126 


TABLE 27-4 
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Percentages of Overtly Healthy Doberman Pinschers with Normal Echocardiograms That Had Ventricular 
Premature Contractions (VPCs) on a 24-Hour Holter Recording 


0 1-10 

Age (n = 55) (n = 41) 
<4 yr (n = 37) 70% 19% 
4—6 yr (n = 47) 32% 47% 
>6 yr (n = 30) 47% 40% 


PT = at least one pair or triplet. 


Number of VPCs 


11-50 51-100 >100 

(n = 10) (n = 3) (n = 5) P/T 
3% 3% 5% 11% 
15% 4% 2% 21% 
6.5% 0% 6.5% 13% 


From Calvert CA: Long-term ambulatory electrocardiographic monitoring in the diagnosis of occult cardiomyopathy in Doberman pinschers. Proc Annual 
Meeting American College of Veterinary Internal Medicine, 1991, p. 691. Copyright 1991 by Clay A. Calvert. 


Moreover, the number of dogs with VPCs increased 
with advancing age. Dogs with 50 to 100 VPCs almost 
always developed progressively more severe arrhyth- 
mias and echocardiographic abnormalities, although 
echocardiographic evaluation!” was normal or equivo- 
cal on their initial evaluation. Dogs with over 100 VPCs 
and those with complex arrhythmias usually had at least 
subtle echocardiographic abnormalities and virtually al- 
ways developed progressive cardiomyopathy. It is im- 
portant to note that 12/19 (63 percent) of dogs that 
went on to develop DCM in a follow-up period of 3 to 8 
years had less than 50 VPCs/24 hours on their initial 
examination. In a recent retrospective study, 54/54 Dob- 
erman pinschers that died suddenly or developed con- 
gestive heart failure had VPCs on a prior Holter re- 
cording (Table 27-5).** Nonsustained ventricular tachy- 
cardia (less than 30 seconds) had been documented by 
one or more Holter recordings in 12/14 (86 percent) 


TABLE 27-5 

Outcome Data from 103 Asymptomatic 
Doberman Pinschers After an Average 
Follow-Up Time of 2.4 Years 


Number Males Females 
103 50 53 
Alive, no CHF 57 NR NR 
Alive with CHF 3 3 0 
Alive, evidence of DCM* 17 NR NR 
Died of DCM 26 14 12 
Died of sudden death” 10 5 5 
Euthanized for CHF 14 4 7 
Died of pump failure 2 2 0 


“Criteria were LVID-S >38 mm, LVID-D >46 mm, or ventricular ectopy, 
where LVID-s and LVID-d = M-mode left ventricular internal dimension at 
end systole and end diastole, respectively. 

"In five dogs, the first sign of DCM was sudden death. All dogs with at least 
one VPC on the initial examination died during the follow-up period due 
to DCM. 

Fourteen dogs demonstrated LVID-s >38 mm on initial examination. All 
died of DCM or developed CHF due to DCM during the follow-up period. 
Fifteen dogs demonstrated an LVID-d >46 mm on initial examination; 13/15 
died of DCM or developed CHF due to DCM during the follow-up period. 

NR = not reported. 


Data from O'Grady MR, Horne R. Outcome of 103 asymptomatic Dober- 
man pinschers: incidence of dilated cardiomyopathy in a longitudinal study. 
Abstract. J Vet Intern Med 9:199, 1995, 


dogs that died suddenly ahd in 15/40 (38 percent) 
dogs that developed heart failure. Sustained ventricular 
tachycardia (greater than 30 seconds) had been detected 
in 5/14 (36 percent) dogs that died suddenly and in 2/ 
40 (5 percent) dogs that developed heart failure. 

From these and other studies, it can be concluded 
that Doberman cardiomyopathy is a chronic, slowly 
progressive, insidious disease with a protracted subclin- 
ical or occult stage. Furthermore, this disorder appears 
to evolve in many Doberman pinschers over a 2- to 4 
year period prior to the onset of CHF. The rate of 
progression is somewhat dependent on the age at 
which an identifiable abnormality is first detected. Car- 
diomyopathy seems to develop more rapidly when 
identifiable abnormalities are detected in dogs less 
than 2 years of age and more slowly when abnormali- 
ties begin after 6 to 7 years of age. Doberman pin- 
schers beyond 10 years of age with evidence of occult 
cardiomyopathy may die of nonrelated causes without 
the disease ever being suspected. Other factors contrib- 
uting to the variability of disease progression have 
not yet been identified. Doberman pinschers with no 
arrhythmias and with a normal echocardiogram may 
develop abnormalities from developing DCM at any 
subsequent time. A threshold number of PVCs per 
hour (from Holter recordings) that predicts dogs des- 
tined to develop clinical DCM has not been deter- 
mined, but those with greater than 100 VPCs/hour on 
a Holter recording should be highly suspect. Clearly, 
the detection of infrequent VPCs in an individual dog 
without other evidence of myocardial dysfunction does 
not establish a diagnosis of cardiomyopathy in Dober- 
man pinschers or any other breed. Infrequent VPCs 
can appear from months to up to | year, or possibly 
longer, prior to the detection of echocardiographic 
changes, which, in turn usually occur well before the 
onset of clinical DCM. Depressed m, ocardial function 
is usually more obvious by the time frequent and com- 
plex rhythm disturbances are detected. Once myocar- 
dial contractility begins to decline, it may take from 
5 months to over 2 years for overt heart failure to 
develop. 
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THERAPY 


The ultimate treatment goal is to reverse the under- 
lying disease process responsible for DCM before irre- 
versible myocardial damage has occurred. Inasmuch 
as the underlying cause of DCM is unknown in most 
affected dogs, the goals of therapy are pragmatically 
reduced to identifying and reversing any precipitating 
cause(s) of heart failure, alleviating the clinical signs 
of heart failure, improving the quality of life, and 
reducing mortality. Therapeutic strategies continue to 
evolve in hopes of accomplishing these goals. Drugs 
currently used to treat dogs with DCM include digoxin 
and other more powerful inotropic drugs, diuretics, 
angiotensin-converting enzyme (ACE) inhibitors, vaso- 
dilators, and antiarrhythmic drugs, including beta-ad- 
renergic receptor—blocking drugs and calcium antago- 
nists. Treatment for heart failure must be tailored to 
the circumstances of the individual patient because no 
single drug or combination of drugs is effective in 
every dog at every stage of the disease. Further discus- 
sion of the principles of treatment and the drugs used 
to treat congestive heart failure may be found in chap- 
ter 12. 


OPPORTUNITIES FOR A CURE. In two circumstances 
there is a distinct opportunity to resolve myocardial 
dysfunction: (1) when persistent or recurrent tachycar- 
dia causes heart failure, and (2) whenever taurine 
deficiency is identified. In both these circumstances, 
congestive heart failure must be treated using tradi- 
tional medical therapy until myocardial dysfunction 
improves to normal or near-normal. Diuretics, ACE 
inhibitors, and digoxin may be needed for up to 6 
months, because myocardial function improves only 
gradually following elimination of the precipitating 
abnormality. Dogs with sustained supraventricular 
tachycardia should be considered suspect for tachycar- 
dia-induced heart failure, particularly when the heart 
rate is more than 200 bpm and a predisposed breed, 
such as a Labrador retriever, is affected. An aggressive 
attempt should be made to abolish the arrhythmia or 
to reduce the heart rate. In many cases, there is no 
sure way to determine whether the arrhythmia was 
caused by or resulted from myocardial disease, but 
this dilemma should not deter a vigorous therapeutic 
effort. Taurine deficiency should be considered when 
DCM occurs in a cocker spaniel or golden retriever, as 
well as in atypical breeds or dogs eating unusual diets. 
Taurine supplementation, 250 mg bid, should be insti- 
tuted whenever plasma or blood taurine concentra- 
tions are reduced (see chapter 32). Taurine supple- 
mentation should be initiated in cocker spaniels and 
golden retrievers even if taurine deficiency cannot be 
immediately confirmed. 


TREATMENT OF ACUTE AND SEVERE CHF. Life-threatening 
pulmonary edema caused by DCM requires particu- 


larly aggressive therapy. Pulmonary edema is most ef- 
fectively treated using IV furosemide in combination 
with sodium nitroprusside. Nitroprusside is a direct, 
ultrashort-acting, and extremely potent vasodilator that 
must be given by constant IV infusion. Beneficial he- 
modynamic effects of nitroprusside, documented in 
dogs with spontaneous CHF due to DCM, include in- 
creased cardiac output and decreased pulmonary cap- 
illary wedge pressures.” Sodium nitroprusside should 
be infused initially at a rate of 2.5 wg/kg/min. The 
rate of infusion can be increased incrementally until 
the patient has stabilized or until mean systemic arte- 
rial pressure falls below 70 mmHg. Infusion rates 
greater than 10 yg/kg/min are rarely needed. Furose- 
mide, administered at 6 to 8 mg/kg IV and repeated 
every 4 hours for the first 12 hours, rapidly and effec- 
tively reduces plasma volume in dogs with fulminant 
pulmonary edema. An alternative regimen for furose- 
mide administration is to administer 2 to 4 mg/kg IV 
every hour until the respiratory rate is less than 30 
breaths per minute, then continue IV furosemide at 4 
mg/kg every 6 hours. Constant-rate infusion of furose- 
mide, administered after an initial IV bolus, may pro- 
duce the most vigorous diuresis, "° 

Dobutamine, a beta;-receptor agonist and potent 
positive inotrope, is also useful for treating dogs with 
profound myocardial failure. Dobutamine must be ad- 
ministered by constant-rate IV infusion, and it should 
not be mixed with sodium nitroprusside. Dobutamine 
is initially administered at an infusion rate of between 
2.5 and 5.0 wg/kg/min. The infusion rate is increased 
by increments of 2.5 wg/kg/min every 2 hours until 
the heart rate increases excessively, ventricular ectopy 
increases by 20 percent, or a maximum infusion rate 
of 15 wg/kg/min is attained. Tolerance to dobutamine 
can develop within 24 to 48 hours after the onset of 
therapy.'*° Fortunately, most dogs can be weaned off IV 
drugs and onto oral drugs within 48 hours of initiating 
treatment. Dobutamine is usually the first drug to be 
discontinued. In anticipation of this event, oral di- 
goxin should be initiated early. Oral diuretics, vasodila- 
tors, and ACE inhibitors are started when IV furose- 
mide and nitroprusside are discontinued. Two 
phosphodiesterase III (PDE3) inhibitors, amrinone 
and milrinone, are approved for short-term IV therapy 
of heart failure in humans. Both drugs are sometimes 
referred to as “inodilators” because they are more 
potent inotropes than digoxin and possess substantial 
vasodilating properties. These drugs may not be as 
effective as beta,-receptor agonists in the treatment of 
severe heart failure due to decreased gene expression 
and activity of the milrinone-sensitive cAMP phospho- 
diesterase.’*! Although oral milrinone has been used 
with some success to treat dogs with DCM, no studies 
have been published using the IV formulations. 

Serious cardiac arrhythmias requiring treatment are 
often identified in patients with acutely decompen- 


sated DCM (see chapters 17 and 18). The heart rate is 
often greater than 200 bpm in dogs with atrial tachy- 
cardia, atrial fibrillation, or atrial flutter. The occur- 
rence of these arrhythmias in a dog with acute, decom- 
pensated heart failure warrants the use of IV digoxin. 
Alternatively, a calcium channel blocker, such as diltia- 
zem, can often be used effectively to terminate the 
arrhythmia or to reduce the heart rate. Intravenous 
beta-blocking agents generally should be avoided in 
the setting of profound, acute heart failure. Ventricular 
arrhythmias are also treated if they are adversely affect- 
ing hemodynamic performance. Intravenous lidocaine 
or procainamide is a suitable choice for the short-term 
management of ventricular arrhythmia in this setting. 
Intravenous lidocaine is given at an initial dose of 2 
mg/kg IV. If there is no response, another 2 mg/kg 
dose is administered. If these doses are effective, a 
constant-rate infusion of lidocaine should be started. 
Procainamide can be given if lidocaine is not effective, 
but it has a more profound myocardial depressant 
effect. Intravenous amiodarone may also be useful in 
dogs with severe ventricular arrhythmias, but we have 
no experience with this approach. In many dogs with 
DCM, ventricular ectopy declines with resolution of 
pulmonary edema, allowing discontinuation of paren- 
teral antiarrhythmic therapy. 


TREATMENT OF CHRONIC HEART FAILURE. Chronic main- 
tenance therapy for dogs with CHF due to DCM con- 
sists of (1) sufficient furosemide to optimize venous 
pressure and alleviate congestion, (2) an ACE inhibitor 
to improve the quality of life and to decrease mortality, 
and (3) digoxin to control heart rate and improve 
exercise capacity. A low-sodium diet and exercise re- 
striction are also important. High doses of furosemide 
are used initially to stimulate excretion of retained 
sodium and water. Thereafter, the dose of furosemide 
should be reduced to a level that controls congestive 
signs without causing excessive volume contraction. 
Diuretics are not benign drugs in that they activate the 
sympathetic and renin-angiotensin-aldosterone sys- 
tems, and they promote potassium and magnesium 
loss, thereby favoring the development of cardiac ar- 
rhythmia. The lowest diuretic dose that controls con- 
gestive signs should be used. In dogs with refractory 
congestive signs, the addition of a second and rarely a 
third diuretic is sometimes required. In this circum- 
stance, we prefer to add spironolactone in combina- 
tion with a thiazide diuretic (see chapter 12). 

Effective inhibition of ACE represents the corner- 
stone of modern CHF therapy. ACE inhibitors offer 
the best opportunity to extend survival and reduce the 
morbidity that accompanies congestive heart failure 
associated with DCM." Of the many ACE inhibitors 
available for use, enalapril, lisinopril, benazepril, quin- 
april, and ramipril have been studied in dogs with 
naturally occurring heart failure. “®!1! Enalapril was 
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the first ACE inhibitor approved in the United States 
and Europe for treatment of CHF in dogs. The Coop- 
erative Veterinary Enalapril (COVE) study group re- 
ported that enalapril, used in combination with di- 
goxin and furosemide, significantly reduces the clinical 
signs of heart failure and improves exercise tolerance 
in dogs with CHF from DCM." The Invasive Multicen- 
ter Prospective Veterinary Enalapril (IMPROVE) study 
group reported that enalapril, dosed at 0.5 mg/kg 
q12h, produces a significant decline in pulmonary cap- 
illary wedge pressure (PCWP) in dogs with heart fail- 
ure caused by DCM.” Controlled studies have also 
shown that enalapril significantly increases the time to 
development of refractory heart failure or death in 
dogs with DCM."* The average estimated survival/time 
to treatment failure for dogs with DCM that received 
digoxin, furosemide, and placebo was 58 days, whereas 
the dogs with DCM that received digoxin, furosemide, 
and enalapril was 157 days.™* Other ACE inhibitors, 
such as lisinopril, are likely to be as effective when 
appropriate doses are used. Combination therapy with 
an arterial vasodilator (hydralazine or amlodipine) and 
a nitrate is an acceptable alternative for patients that 
do not tolerate ACE inhibitors.'* 15? These vasodilators 
may also be useful adjunct therapy for dogs with persis- 
tent signs of heart failure following treatment with 
digoxin, furosemide, and ACE inhibitors. 

Digoxin is indicated in most dogs with DCM and 
signs of heart failure.” 1 Although its effects are vari- 
able and difficult to quantify, digoxin has been shown 
to exert a significant positive inotropic effect in some 
dogs with DCM.'*4 Moreover, most dogs exhibit a bene- 
ficial clinical response. In several large clinical trials in 
humans, digoxin therapy reduced symptoms, improved 
exercise capacity, and decreased the risk of clinical 
deterioration of heart failure.’®-'? The effect of di- 
goxin on mortality and morbidity in a study of 6800 
human patients with heart failure and reduced ejec- 
tion fraction was reported in 1997.: This landmark 
double-blind, placebo-controlled study concluded that 
digoxin reduces the rate of hospitalization and the 
rate for worsening heart failure. Digoxin had a neutral 
effect on mortality (survival), distinguishing it from 
other more potent positive inotropes that increase 
mortality.” Studies of this magnitude are not likely to 
be duplicated in dogs. Digoxin reduces activation of 
the sympathetic nervous system and the renin-angio- 
tensin-aldosterone system.'**: ° Digoxin is also moder- 
ately effective for slowing the ventricular rate in dogs 
with atrial fibrillation.’ The dose of digoxin should 
be adjusted, by periodic monitoring of digoxin serum 
concentration, to maintain the serum digoxin level 
between 0.9 and 1.5 ng/ml. 


TREATMENT OF ARRHYTHMIAS. Atrial fibrillation and 
ventricular tachycardia are the most common rhythm 
disorders requiring treatment in dogs with DCM. The 
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detrimental hemodynamic effects of atrial fibrillation 
include reduced cardiac output, by as much as 25 
percent, and a substantial increase in filling pressures, 
thereby substantially worsening congestive signs. These 
changes are due to the loss of synchronized atrial 
contractions and to reduced ventricular filling re- 
sulting from an excessively fast heart rate. It is not 
possible, with existing approaches, to re-establish and 
maintain sinus rhythm in most dogs with atrial fibrilla- 
tion developing in association with DCM. The aim of 
treatment is to reduce and maintain heart rate be- 
tween 140 and 160 bpm. If the situation is not urgent, 
5 to 7 days can be allowed for digoxin to achieve a 
steady-state concentration; otherwise, more rapid digi- 
talization should be accomplished. 

An adequate reduction in heart rate may not be 
accomplished with digoxin alone. Combination ther- 
apy using digoxin together with either a beta-adrener- 
gic receptor blocking drug or a calcium channel 
blocker is often required to optimize heart rate. Cal- 
cium channel blockers are reported to be the most 
effective agents to reduce the heart rate,!®' but chronic 
treatment with a beta-blocker may have a more bene- 
ficial effect on myocardial function in patients with 
DCM.) '°8 Diltiazem, dosed at 1.0 to 1.5 mg/kg q8h, 
often gives excellent heart rate control. If beta-blockers 
are used, a low dose is used initially, and the dose is 
then gradually raised by 25 percent to 50 percent each 
week to achieve the desired effect. Atenolol is started 
at 12.5 mg q24h in large breed dogs, e.g., a 30-kg 
Doberman pinscher. Alternatively, metoprolol can be 
initiated at 5.0 mg q12h. Some dogs are very sensitive 
to beta-blockers such that a trivial dose results in a 
marked reduction in heart rate and worsening heart 
failure. 

The role of antiarrhythmic therapy for ventricular 
ectopia in dogs with DCM is uncertain. Studies in 
human patients suggest that most antiarrhythmic 
agents, likely all the class I agents, increase the mortal- 
ity of patients who are not symptomatic as a result of 
their arrhythmias.'**'®* In most human patients with 
structural heart disease, ventricular premature beats, 
even if they are very numerous, vary in morphology or 
occur in a bigeminal pattern or as couplets, are not 
an indication for treatment unless they are causing 
debilitating symptoms.” Antiarrhythmic therapy is 
generally reserved for those patients who are symptom- 
atic from their arrhythmia. Sustained ventricular tachy- 
cardia or bursts of ventricular tachycardia with instan- 
taneous rates of greater than 200 bpm usually cause 
substantial disability and should be treated. 

The choice of antiarrhythmic therapy in dogs with 
DCM is controversial and somewhat arbitrary in that 
no controlled studies have been performed to evaluate 
the safety or efficacy of any antiarrhythmic drug. Of 
the many possible approaches, a few can be recom- 
mended. Sustained-release procainamide can be ad- 


ministered at 20 mg/kg q8h, and the dose can be 
increased to 30 mg/kg q8h if needed and adequate 
blood levels of procainamide have not been achieved. 
Continued ventricular ectopy may require the addition 
of a beta-blocker such as atenolol or metoprolol. As in 
dogs with atrial fibrillation, low doses are used initially 
and the dose is gradually increased to effect. Harpster 
reported preliminary data suggesting that survival of 
boxer dogs with DCM may be improved with use of 
procainamide, usually in combination with proprano- 
lol.” Calvert and colleagues reported that tocainide, 
administered at 15 to 25 mg/kg q8h, was effective in 
suppressing ventricular arrhythmias in 80 percent to 
90 percent of Doberman pinschers with DCM, but 
they did not comment on survival.’ Anorexia and 
gastrointestinal disturbances occurred in 35 percent of 
treated dogs. Moreover, 58 percent of dogs treated 
longer than 4 months experienced serious side effects, 
including progressive corneal dystrophy and possibly 
renal dysfunction. 

Sotalol and other class III antiarrhythmic drugs may 
also be useful for treating ventricular arrhythmia in 
dogs with DCM, but there are no canine studies re- 
garding the efficacy or safety of these agents. Personal 
observation suggests that sotalol is sometimes effective 
when other treatments fail. Sotalol is initially dosed at 
20 mg/dog ql2h in large breed dogs, and the dose 
is then titrated upward. Evaluating the response to 
antiarrhythmic drugs is difficult. Longevity trials are 
required to determine effect on survival, and no such 
studies have yet been performed in dogs. Repeated 
ambulatory ECG recordings of at least 6 hours are 
needed to demonstrate that the targeted arrhythmia is 
being effectively suppressed.'** If this is not feasible, 
repeated 10-minute ECG recordings should be per- 
formed in preference to 1l- or 2-minute rhythm strips. 
The goal of treatment is to abolish bouts of sustained 
or nonsustained ventricular tachycardia, not to com- 
pletely extinguish every premature beat. 


NOVEL TREATMENTS OF UNCERTAIN BENEFIT. A number 
of promising drugs designed for the treatment of DCM 
and CHF are being evaluated in human clinical tri- 
als. Currently, there is particular interest in beta- 
adrenergic receptor blocking drugs. Beta-blockers re- 
duce plasma norepinephrine concentrations, increase 
beta-receptor density, up-regulate the previously down- 
regulated beta-adrenergic receptors, and, paradoxi- 
cally, increase the contractility of the failing heart (see 
chapter 12)./”-1'7! Beta-blockers also suppress certain 
arrhythmias, reduce myocardial oxygen demand, and 
improve the efficiency of myocardial energy utilization, 
resulting in improved hemodynamics and reduction 
in clinical symptoms in some human patients with 
DCM.!-16 Bisoprolol, metoprolol, and carvedilol are 
among a small group of beta-blockers that have been 
intensively studied in patients with DCM.'77?” Bisopro- 


lol and metoprolol are both beta,-receptor blocking 
drugs, whereas carvedilol exhibits both alpha,- and 
beta,-receptor blocking activity. 

Carvedilol and bisoprolol, but not metoprolol, have 
been shown to reduce mortality in patients with 
DCM.'""'” Although these results are encouraging, 
many heart failure patients do not tolerate beta- 
blocker drugs even at very low doses. A substantial 
percentage of patients experience rapid cardiac de- 
compensation and worsening congestive signs, and 
some die as a result of this treatment. Efficacy has not 
yet been demonstrated in dogs with DCM, and further 
studies are needed before the widespread use of beta- 
blockers can be recommended (see chapter 12). 

After considering the potential benefits of beta- 
blockers, it is ironic to note that some patients with 
DCM and profound myocardial failure continue to be 
successfully treated with intermittent infusion of the 
beta,-receptor agonist dobutamine.'*? Such therapy is 
advocated as a bridge to heart transplantation in hu- 
man patients. Some patients improve remarkably and 
can go for months between infusions. Perpetual hope 
prompts the continued search for a potent, safe, and 
orally absorbed positive inotropic drug. Most potent 
positive inotropes reduce survival times when they are 
administered chronically. Vesnarinone and pimoben- 
dan are phosphodiesterase HI inhibiting drugs pos- 
sessing attributes that might improve their safety 
and efficacy when used chronically in patients with 
CHF.'®} 18 Vesnarinone enhances sodium influx into 
myocardial cells, thereby increasing calcium delivery 
to the myofilaments, whereas pimobendan appears to 
sensitize the contractile apparatus to intracellular cal- 
cium. Given the adverse effects of other phosphodies- 
terase inhibitors on survival, the future of this entire 
class of drugs is not particularly optimistic. 

A number of surgical remedies have been devised to 
rescue patients that fail to respond to medical treat- 
ment. Such recourse is not an affordable or pragmatic 
option for most owners, and it is unlikely that this 
approach will play a substantive role in the manage- 
ment of canine DCM. The most successful surgical 
remedy for DCM is a heart transplant.'* Other surgical 
remedies are much less successful and are generally 
performed only when a heart transplant cannot be 
performed. Cardiomyoplasty involves covering both 
ventricles with an envelope of skeletal muscle, usually 
the latissimus dorsi, and pacing this repositioned mus- 
cle to support the heart.'** This procedure has been 
performed in dogs.'** An alternative surgical method 
of supporting the circulation consists of placing a skel- 
etal muscle wrap around a small segment of the ab- 
dominal aorta and pacing this muscle to mimic the 
effect of intra-aortic balloon counterpulsation.'* Dual- 
chambered cardiac pacing with a short PR interval has 
been shown to improve cardiac output and exercise 
capacity in some human patients with DCM.’*’ Clinical 
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benefit is dependent on the pattern of left ventricular 
activation, and no hemodynamic advantage is afforded 
by this modality in most dogs with DCM.'** 


PROGNOSIS 


Owners should be advised that unless an underlying 
cause for DCM can be identified and reversed, all cases 
of DCM are terminal. Owners should also be advised 
that survival times, even with optimal therapy, are 
highly variable from one patient to the next. Some 
very ill dogs improve to a remarkable degree with 
treatment and live a comfortable existence for many 
months or even years. Other dogs do not survive the 
initial 48 hours of hospitalization. It is simply not possi- 
ble to predict how well an individual dog with DCM 
will respond to treatment or how long that animal will 
live. In dogs with severe heart failure at the time of 
presentation, a prudent approach is to recommend 
medical therapy and evaluate the initial response be- 
fore rendering a tentative prognosis.’ 

The devastating nature of DCM is most obvious in 
Doberman pinschers. O’Grady and Horne reported 
that of 103 Doberman pinschers that were initially 
asymptomatic, 26 went on to die of DCM during an 
average follow-up time of 28 months (see Table 27- 
5). Regarding these 26 deaths, 14 owners declined 
further therapy for the pulmonary edema and the 
dogs were euthanized, 2 dogs died of progressive 
pump failure, and 10 dogs died suddenly. In this small 
follow-up group, 38 percent of all cardiac deaths were 
due to sudden death and 62 percent died as a result 
of heart failure. After an average follow-up time of 4.5 
years, 24 of the dogs had died suddenly, 20 dogs had 
been euthanized because of CHF, and 11 dogs had 
developed progressive myocardial dysfunction and 
were either alive or had died from noncardiac causes 
(Table 27-6).!°* Overall, 63.2 percent of 103 initially 
asymptomatic Doberman pinschers (78 percent of the 
males, and 50 percent of the females) died suddenly, 
developed CHF, or showed echocardiographic deterio- 
ration during the study. Calvert and associates reported 
that of 57 Doberman pinschers dying from DCM, 40 
(70 percent) died after developing congestive heart 
failure, 14 (25 percent) died suddenly, and 3/57 (5 
percent) died of unrelated causes.” Sudden death in 
Doberman pinschers usually occurs during or immedi- 
ately following exertion but may occur during sleep. 
Sudden death is frequently the first evidence of occult 
DCM, and many Doberman pinschers that collapse 
due to ventricular tachycardia die during the first epi- 
sode. Survivors of one episode of collapse often die 
during a second episode 1 day to many months later. 
Some lines of Dobermans show a high incidence of 
sudden death. 

Other recent studies have also addressed the issue 
of survival in dogs with DCM.!* '* 2? Most of the studies 
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TABLE 27-6 
Outcome Data From 103 Asymptomatic 


Doberman Pinschers After an Average 
Follow-Up Time of 4.5 Years 


Number Males Females 
103 50 53 
Alive, no CHF 32 9 23 
Alive, evidence of DCMt+ 9 5 4 
Died of DCM 4 25 19 
Died of sudden death* 24 13 11 
Euthanized for CHF 20 12 8 
Died of unknown causes 1 NR NR 
CHF, died from other 2 2 
causes 
Died from other causes 12 NR NR 
Lost to follow-up 3 NR NR 


*In 15 dogs, the first historical sign of DCM was sudden death; 9 dogs died 
suddenly after the onset of CHF. 

+Criteria were LVIDs >42 mm, LVIDd >49 mm, or ventricular ectopy, 
where LVIDs and LVIDd = M-mode left ventricular internal dimension at 
end-systole and end-diastole, respectively. 

NR = not reported. 

From O’Grady M, Horne R: Prevalence of dilated cardiomyopthy in Dober- 
man pinschers: a 4.5 year follow-up. Abstract. J Vet Intern Med 12:199, 1998. 


were retrospective studies, and most included a large 
percentage of dogs that were euthanized. It is im- 
portant to note that therapy was not standardized in 
most of these studies. None included an aggressive 
protocol for treating acute CHF. Dobutamine and ni- 
troprusside were rarely if ever used, and most of the 
dogs studied were not treated with an ACE inhibitor. 
For these reasons, the data reported are more a reflec- 
tion of the natural history of DCM than an indication 
of what can be accomplished with treatment. 

A Swedish study reported survival data from 189 
dogs (including 38 breeds) with DCM.' Most dogs (92 
percent) died or were euthanized for reasons related 
to heart disease. Euthanasia was performed in 27 cases 
at the time of presentation. Eighteen dogs (10 per- 
cent) died suddenly, and 128 dogs (74 percent) were 
eventually euthanized for treatment failure (CHF). 
The survival rate was 17.5 percent at 1 year and 7.5 
percent at 2 years (Fig. 27-7). Three independent 
predictors of survival were identified: age—dogs less 
than 5 years old had shorter survival times; (2) dyspnea 
at the time of presentation; and (3) ascites. Treatment 
was not standardized in this retrospective study. No 
dog received dobutamine or a nitrate, and only 9 
percent of the dogs were treated with an ACE inhibitor. 

Monnet and colleagues performed Kaplan Meier 
survival analysis in a diverse breed population of 37 
dogs with DCM, reporting that the 50 percent proba- 
bility of survival occurred at 2.3 months.'* Probability 
of survival at 1 year was 37.5 percent, and at 2 years was 
28 percent. Four dogs died from noncardiac-related 
causes. The prevalence of sudden death was not re- 
ported. Dogs surviving more than 7 months appeared 
to have a good probability of becoming long-term 


survivors. Treatment was not standardized in this retro- 
spective study. No dog received dobutamine or a ni- 
trate, and only 10/37 dogs (27 percent) were treated 
with ACE inhibitors. Pulmonary edema and pleural 
effusion were identified as independent prognostic in- 
dicators. 

Calvert and colleagues studied the survival of 66 
Doberman pinschers that presented with signs of CHF 
of no more than 2 weeks’ duration.’ Sudden death 
occurred in 20 percent of the dogs. Mean and median 
survival times were 9.65 weeks and 6.5 weeks, respec- 
tively. Dogs with atrial fibrillation or bilateral CHF at 
presentation had shorter survival times than dogs that 
did not (Fig. 27-8). Treatment was not standardized 
in this retrospective study. None of the 66 dogs pre- 
senting with pulmonary edema received nitroprusside; 
only two dogs were treated with dobutamine, and only 
25/66 dogs (38 percent) were treated with an ACE 
inhibitor. 

In the only prospective study in which treatment 
was standardized and controlled, the average estimated 
survival time (time to treatment failure) was 158 days 
when the dogs were treated with digoxin, furosemide, 
and enalapril, compared with 58 days when they were 
treated only with digoxin and furosemide.'* Subgroup 
analysis revealed that DCM in the Doberman pinscher 
carries a worse prognosis than in other breeds with 
DCM. The average estimated survival time for Dober- 
man pinschers on enalapril was 80 days compared with 
260 days for all other breeds combined.'* Another 
retrospective study also showed that survival is shorter 
in Doberman pinschers with DCM than in other 
breeds.'*° Variables of prognostic value in human pa- 
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FIGURE 27-7 


Survival curve for 189 dogs with dilated cardiomyopathy. Survival 
rate at l year after initial diagnc is was 17.5 percent and at 2 years 
was 7.5 percent. Treatment was not standardized in this 
retrospective study. No dog received dobutamine or a nitrate, and 
only 9 percent of the dogs were treated with an ACE inhibitor. 
(From Tidholm A, Svensson H, Sylvén C. Survival and prognostic 
factors in 189 dogs with dilated cardiomyopathy. J Am Anim Hosp 
Assoc 33:364, 1997.) 
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FIGURE 27-8 


(A) Survival curves comparing the influence of atrial 
fibrillation (AF) versus sinus rhythm (SR) on survival. Atrial 


fibrillation was associated with significantly shorter survival A 


time (P < .001). (B) Survival curves comparing the 
influence on survival of bilateral congestive heart failure 
(CHF) versus left-sided CHF. The presence of bilateral CHF 
at the time of presentation was associated with significantly 
shorter survival time (P < .05). (From Calvert CA, Pickus 
CW, Jacobs GJ, et al. Signalment, survival and prognostic 
factors in Doberman pinschers with end-stage 
cardiomyopathy. J Vet Intern Med 11:323, 1997.) 


Mortality 


tients with DCM include degree of left ventricular 
dysfunction (ejection fraction), presence or severity of 
hyponatremia, degree of left ventricular enlargement, 
presence or degree of mitral valve insufficiency, pres- 
ence or severity of ventricular arrhythmias, presence 
of atrial fibrillation, and plasma norepinephrine, atrial 
natriuretic peptide (ANP), and brain natriuretic pep- 
tide (BNP) concentrations.'*! Larger and more sophis- 
ticated prospective studies are required before the ef- 
fect of these variables can be accurately assessed in 
dogs with DCM. 


HYPERTROPHIC CARDIOMYOPATHY 
IN DOGS 


Hypertrophic cardiomyopathy (HCM) is pragmati- 
cally defined as inappropriate myocardial hypertrophy 
of a nondilated left ventricle, occurring in the absence 
of an identifiable stimulus for the hypertrophy.’ ° As 
currently defined, HCM probably encompasses a num- 
ber of different disease processes that share certain 
functional and morphologic features. A diagnosis of 
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Mortality of Doberman Pinschers with 
End-Stage Dilated Cardiomyopathy 


— AF Absent —AF Present 
(N=20) 


(N=48) 


Mortality of Doberman Pinschers with 
End-Stage Dilated Cardiomyopathy 


—LS-CHF — Bilateral-CHF 
(N=$0) (N=16) 


HCM implies that the patient is free of valvular or 
fixed subaortic stenosis, severe systemic hypertension, 
or any one of the many metabolic disorders or endocri- 
nopathies capable of inducing left ventricular hyper- 
trophy. Human patients with HCM are subclassified 
into obstructive and nonobstructive categories.) ° 
About 25 percent of people with HCM demonstrate 
dynamic obstruction to left ventricular outflow, charac- 
terized, in most cases, by systolic apposition of the 
mitral valve with the interventricular septum. In the 
older literature, this variant of HCM was often referred 
to as idiopathic hypertrophic subaortic stenosis (IHSS) 
and muscular subaortic stenosis. The development of 
dynamic left ventricular outflow tract (LVOT) obstruc- 
tion appears to be predicated on the pattern of left 
ventricular hypertrophy and certain morphologic 
changes in the mitral valve apparatus. 

Hypertrophic cardiomyopathy is an infrequently 
identified cause of heart disease in dogs.” '-'*7 The 
majority of identified dogs have been males, and most 
have been diagnosed prior to 3 years of age, suggesting 
that this is a congenital disorder.’ Breeding trials have 
shown that HCM is inherited in pointer dogs.'** Hyper- 
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trophic cardiomyopathy has been identified in many 
different breeds, including German shepherds, Rott- 
weilers, Dalmatians, cocker spaniels, Brittany spaniels, 
Shih Tzus, Doberman pinschers, Airedales, poodles, 
Great Danes, bulldogs, Boston terriers, Walker hounds, 
boxers, German short-haired pointers, Weimaraners, 
miniature schnauzers, Rhodesian ridgebacks, and 
golden retrievers.” -19 Hypertrophic cardiomyopathy 
in dogs differs from the human disorder in several 
important aspects. Two common (characteristic) fea- 
tures of HCM in people—disproportionate hypertro- 
phy of the septum and myocardial fiber disarray—are 
observed infrequently in dogs with HCM.'%*? Inas- 
much as the great majority of affected dogs evidence 
dynamic LVOT obstruction without these defining 
morphologic criteria, it is possible that myocardial hy- 
pertrophy, at least in some dogs, is not the primary 
abnormality but is simply a consequence of dynamic 
outflow tract obstruction.*"' %2? It is interesting that 
systolic anterior motion of the mitral valve resulting in 
dynamic LVOT obstruction has been created experi- 
mentally in dogs simply by displacing the anterior pap- 
illary muscle.?” 


PATHOLOGY 


A number of diverse patterns of left ventricular hy- 
pertrophy have been identified in humans and cats 
with HCM (see chapter 28). The majority of people 
with HCM show disproportionate (asymmetric) hyper- 
trophy of the interventricular septum, wherein septal 
thickness greatly exceeds the thickness of the left ven- 
tricular free wall. In fact, asymmetric septal hypertro- 
phy (ASH) was once the only recognized form of 
HCM in humans. A minority of human patients have 
symmetric concentric LV hypertrophy with equal 
involvement of the interventricular septum and free 
wall. Other less frequent but recurring patterns of 
hypertrophy include focal hypertrophy of the posterior 
portion of the septum, the posterobasal free wall, or 
the apical region of the LV.’ ' The left ventricular 
cavity is usually reduced in volume, and the left atrium 
is usually dilated and hypertrophied. The right ventri- 
cle is also frequently hypertrophied, but this is not a 
prominent feature of the disease. 

One of the most prominent pathologic features of 
HCM in humans is disarray or malalignment of the 
myofibers in the hypertrophied septum or LV free wall, 
and it is often cited as the most consistent feature of 
HCM in humans. 4 ® 199. 209, 24 Myocardial fiber disarray 
is considered by some investigators to be the most 
consistent finding in people with HCM. Fiber disarray 
has been observed in other forms of cardiac disease, 
but the amount of disarray is much more extensive in 
patients with HCM.'® The left ventricular outflow tract 
is narrowed in patients with the obstructive form of 
HCM. In these patients, a fibrous endocardial plaque 


is present on the interventricular septum directly op- 
posite a thickened anterior mitral valve leaflet. These 
lesions are impact lesions resulting from abnormal 
systolic anterior motion (SAM) of the mitral valve.* 7 
A variety of mitral valve malformations, including elon- 
gation of the anterior leaflet, have been described in 
patients with HCM, particularly in the obstructive form 
of this disorder, suggesting that HCM is not simply a 
disease of the myocardium.?°* 205, 206 

In most dogs with HCM, left ventricular hypertrophy 
is symmetric; that is, the septum and LV free wall are 
hypertrophied to the same extent. When asymmetric 
septal hypertrophy is identified, it is not as dramatic as 
in human patients. Pathologic evidence of dynamic 
LVOT obstruction is observed in most of the dogs 
with HCM, while a small minority manifest no sign of 
obstruction. In young dogs, the impact lesion on the 
interventricular septum is often subtle, appearing as a 
discrete but subtle opaque area. In older dogs, a thick- 
ened plaque of connective tissue is visible just opposite 
an obviously thickened anterior mitral valve leaflet 
(Fig. 27-9). The mitral valve apparatus is abnormal in 
many dogs with HCM. In some dogs, the anterior 
mitral valve leaflet is obviously elongated or redundant 
valve tissue protrudes into the outflow tract. In other 
dogs, the papillary muscles are abnormally oriented, 
tending to displace the mitral valve leaflet toward the 
outflow tract. In some dogs, a discrete muscular ridge 
is observed coursing through the long axis of the 
LVOT. 

In most affected dogs (90 percent), histology shows 
hypertrophied myocardial fibers that are normally ori- 
ented. Myocardial fiber disarray has been reported in 
only 2 dogs with HCM.'% 19%. 1%, 20 Abnormalities of 
the intramural coronary arteries can be found in all 
affected dogs, particularly in the LV wall, interventricu- 
lar septum, and papillary muscles (Fig. 27-9). Ob- 
served changes include intimal hyperplasia, with hy- 
pertrophy and hyalin degeneration of the smooth 
muscle in the media. Similar changes have been de- 
scribed in the intramural coronary arteries of humans 
with HCM and dogs with subvalvular aortic stenosis 
(SAS).1 ®& 19. #7 Associated with these vascular lesions 
are focal areas of myocardial necrosis, fibrosis, and 
dystrophic calcification. Such changes are most obvi- 
ous in the papillary muscles and in subendocardial 
regions of the interventricular septum and LV wall. 

The relationship between canine HCM, fixed SAS, 
and mitral valve dysplasia is uncertain.?°' %8 Approxi- 
mately one-half of the HCM cases reported in dogs 
involved breeds (Rottweiler, German shepherd, and 
boxer dogs) predisposed to congenital fixed subvalvu- 
lar aortic stenosis. Subvalvular aortic stenosis in dogs 
was described in early reports as a discrete, fibrous 
obstruction encircling the LVOT below the aortic 
valve. Recent observations suggest that the morphol- 
ogy of SAS is more diverse.'*' * In some dogs with 
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(A) Gross pathology of the obstructive form of hypertrophic cardiomyopathy in a Rottweiler shows 
marked concentric left ventricular hypertrophy, a small left ventricular cavity, and a fibrous plaque 
on the septal endocardium opposite a thickened and fibrotic mitral valve. (B) Disorganized 
myofibers are shown in a section of myocardium from the septum of another dog with HCM. H&E 
stain X 100. (From Liu S-K, et al. Canine hypertrophic cardiomyopathy. J Am Vet Med Assoc 


174:708, 1979.) 


SAS, the obstructing subvalvular lesion is a less distinct 
fibromuscular bulge occupying the base of the inter- 
ventricular septum. Some dogs with SAS have concur- 
rent dynamic LVOT obstruction, and some have a 
muscular ridge on the interventricular septum adja- 
cent to the anterior papillary muscle coursing through 
the long axis of the LVOT, similar in appearance to 
that observed in dogs with HCM. Further complicating 
the distinction between SAS and HCM is the observa- 
tion that mitral valve dysplasia commonly coexists with 
SAS in dogs (see chapter 24). Consideration must be 
given to the possibility that some cases of suspected 
HCM in dogs represent a muscular variant of congeni- 
tal SAS or an unusual consequence of mitral valve 
dysplasia. 


PATHOGENESIS/ETIOLOGY 


The cause of HCM in dogs is uncertain, although a 
heritable basis is suspected. Breeding studies per- 
formed by one of the authors (Sisson) demonstrated 
the heritability of dynamic LVOT obstruction and LV 
hypertrophy in pointer dogs.'** A polygenic or autoso- 
mal recessive pattern of inheritance best explained 
the observed pattern of occurrence in this study. Fifty 
percent to 60 percent of human HCM cases are famil- 
ial, usually showing autosomal dominant inheritance, 
while the remainder are sporadic." ® *°° Genetic hetero- 
geneity has been demonstrated; and linkage studies 
and candidate-gene approaches have demonstrated 
that affected patients may have mutations in one of 
seven different genes: cardiac beta-myosin heavy chain 
(cbeta MHC), cardiac troponin T (cTnT), alpha-tropo- 
myosin (alpha TM), cardiac myosin binding protein 
C (cMBPC), ventricular myosin essential light chain 
(vMLC1), ventricular myosin regulatory light chain 


(vMLC2) genes, and cardiac troponin | (cTnl).?'° A 
defect in mitochondrial DNA has also been identified 
in several members of a family affected by a maternally 
inherited form of hypertrophic cardiomyopathy.” 
The mechanism(s) by which these genetic abnor- 
malities cause hypertrophy is unknown. Some studies 
suggest that there is an increase in the number of 
calcium channels, mediating abnormal calcium fluxes 
and producing, by some unknown mechanism, hyper- 
trophy and fiber disarray. Other possible causes of 
HCM include (1) abnormal sympathetic activity; (2) 
abnormally thickened intramural coronary arteries 
that do not dilate normally and lead to myocardial 
ischemia, with resultant fibrosis and abnormal com- 
pensatory hypertrophy; (3) abnormalities of the micro- 
circulation, resulting in myocardial ischemia and 
depletion of the energy stores essential for the seques- 
tration of calcium during diastole, causing increased 
diastolic stiffness; and (4) structural abnormalities, in- 
cluding a catenoid configuration of the septum, that 
lead to myocardial cell hypertrophy and disarray.° 


PATHOPHYSIOLOGY 


Two principal functional disturbances occur in pa- 
tients with HCM: impaired diastolic filling and dy- 
namic LVOT obstruction. Altered diastolic filling is 
the most pervasive hemodynamic change in human 
patients because it is abnormal in patients with and 
without LVOT obstruction.' © Diastolic dysfunction re- 
sults from impaired relaxation in early diastole and 
from reduced ventricular compliance. The reduced 
rate and uniformity of ventricular relaxation in early 
diastole are thought to be caused by abnormal myocar- 
dial calcium kinetics, which result in increased concen- 
trations of intracellular calcium.?!* Reduced ventricular 
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compliance results from the combined influences of 
reduced chamber size, increased wall thickness, and 
intrinsic changes in wall stiffness.’ ® ?!2 In human pa- 
tients with HCM, the severity of diastolic impairment 
does not correlate with the extent or distribution of 
hypertrophy or with the presence or severity of LVOT 
obstruction.® The consequences of diastolic dysfunc- 
tion include an impaired ability to increase cardiac 
output during stress or exercise, as well as a propensity 
to develop pulmonary congestion and edema due to 
increased left atrial and pulmonary venous pressures. 
Any increase in heart rate exacerbates the severity of 
diastolic dysfunction. 

The phenomenon of left ventricular outflow tract 
obstruction is well documented in humans, dogs, and 
cats with HCM (see chapter 28). Dynamic obstruction 
typically develops in midsystole, after most of the 
stroke volume has been ejected from the left ventricle 
(see Fig. 24—21A).2°""5 The obstruction results from 
systolic apposition of the mitral valve to the interven- 
tricular septum. Systolic anterior motion (SAM) of the 
mitral valve develops when the leaflets are drawn into 
the outflow tract by Venturi forces generated by rapid 
blood flow through an already narrowed LVOT. The 
mitral leaflets may also be pulled into the outflow tract 
by malaligned papillary muscles or pushed toward the 
septum by the ejected blood. Regardless of the precise 
mechanism, the left ventricle is divided into a large, 
high-pressure region below the area of apposition and 
a smaller, low-pressure region beyond the point of 
contact. The cardinal features of dynamic LVOT ob- 
struction are the variability and lability of the resulting 
systolic pressure gradient. Any intervention or physio- 
logic change that decreases systemic vascular resis- 
tance, reduces preload, or increases left ventricular 
contractility results in enhancement of the obstruction. 
Exercise, for example, dramatically increases the gradi- 
ent across the LVOT, and isoproterenol is sometimes 
administered for diagnostic purposes to mimic exer- 
cise and provoke a latent gradient.! 

Mitral regurgitation is observed in most patients 
with the obstructive form of HCM, presumably because 
of the structural and functional abnormalities already 
described. Other consequences of LVOT obstruction 
include increased wall stress, increased myocardial oxy- 
gen consumption, reduced coronary blood flow, and 
myocardial ischemia. Tachycardia worsens dynamic 
LVOT obstruction and all its adverse consequences. 
The precise relationship between myocardial hypertro- 
phy and dynamic obstruction is uncertain. There is 
little correlation between the degree of hypertrophy 
and the presence or severity of LVOT obstruction in 
human patients. In litters of affected puppies exam- 
ined by one of us (Sisson), the degree of myocardial 
hypertrophy was directly proportional to the severity 
of the outflow tract obstruction. Furthermore, LV hy- 
pertrophy tends to regress in some dogs when their 


dynamic obstruction is eliminated by beta-blockers. 
These observations suggest that myocardial hypertro- 
phy is, at least in some dogs and to some degree, a 
consequence of the dynamic LVOT obstruction. 


HISTORY AND PHYSICAL EXAMINATION 


Most dogs with HCM manifest no clinical signs and 
have no history of physical impairment. Most affected 
dogs have been identified when a heart murmur or 
arrhythmia prompted further diagnostic evaluation. 
Other cases are detected only at necropsy or following 
sudden death. Sudden death seems to occur most 
often during or immediately after exertion. Syncope 
and near-syncope have been noted in a few affected 
dogs. Occasionally, dogs are presented for reduced 
exercise capacity, or respiratory distress. Too few dogs 
have been studied to correlate the risk of death or the 
severity of clinical signs with the presence or severity 
of outflow obstruction. No such correlation has been 
found in affected human patients.® There is a general 
relation between the severity of symptoms and the 
severity of left ventricular hypertrophy in human pa- 
tients. However, many people demonstrate incapacitat- 
ing symptoms in the face of mild LV hypertrophy, and 
many people with severe hypertrophy have mild or no 
symptoms.° 

A systolic heart murmur is the most common abnor- 
mality detected on physical examination, but it is con- 
sistently found only in those dogs with dynamic LVOT 
obstruction. The systolic ejection murmur resulting 
from dynamic obstruction is best heard (loudest) at 
the left-sided heart base. An equally loud murmur is 
sometimes heard at the left apex associated with mitral 
valve insufficiency caused by SAM of the mitral valve. 
The heart murmur may be soft or absent at rest, but 
it is usually readily heard when exercise (short jog) or 
excitement (toe pinch) increases heart rate by 30 to 
40 bpm. The murmur can also be evoked by adminis- 
tration of a drug that increases heart rate, reduces 
afterload, or increases contractility (e.g., acepromaz- 
ine). The intensity and character of the murmur are 
often inconsistent from one examination to the next. 
Importantly, some dogs with HCM have no abnormali- 
ties on physical examination. 


RADIOGRAPHIC AND ECG CHANGES 


Radiographic changes are often modest in dogs with 
HCM since LV concentric hypertrophy causes little 
change in the external size of the heart unless it is 
severe (Fig. 27-10). Modest to moderate left atrial 
enlargement may be observed with or without evi- 
dence of left ventricular enlargement. Enlargement 
of the pulmonary veins and pulmonary edema are 
observed in dogs with elevated LV diastolic and left 
atrial pressures. In dogs with moderate to severe LV 


FIGURE 27-10 

Lateral (A) and dorsoventral (B) 
radiographs of a dog with 
hypertrophic cardiomyopathy, 
showing moderate left heart 
enlargement. (From Thomas WP, 
et al. Hypertrophic obstructive 
cardiomyopathy in a dog: clinical, 
angiographic, and pathologic 
studies. J Am Anim Heart Assoc 
20:253, 1984.) 


hypertrophy, some evidence of left ventricular enlarge- 
ment is usually evident on the resting electrocardio- 
gram. High-amplitude R waves are particularly promi- 
nent on the left precordial chest leads (V, and V4), 
and they are also commonly observed on leads II, III, 
and aV;. Left axis deviation is uncommon. Arrhythmias 
reported in a small number of dogs with HCM include 
ventricular premature beats, paroxysmal ventricular 
tachycardia, and first-degree and third-degree AV 
block. 191-194 


ECHOCARDIOGRAPHY 


Two-dimensional echocardiography is the best 
method for confirming a diagnosis of HCM. The most 
common echocardiographic feature of canine HCM is 
the presence of left ventricular concentric hypertrophy 
(Fig. 27-11). Left ventricular hypertrophy is global, 
and it tends to be symmetric rather than asymmetric.’ 
A muscular ridge of myocardium is sometimes present 
in the LVOT, and this is most easily appreciated on a 
short-axis view where it assumes the appearance of an 
accessory papillary muscle. Other features include left 
atrial enlargement, reduced size of the left ventricular 
lumen, SAM of the mitral valve with narrowing of the 
LVOT (Fig. 27-11), increased velocity of blood flow 
across the LVOT, and mitral valve insufficiency. The 
severity of LVOT obstruction detected by spectral 
Doppler varies depending on heart rate and the level 
of patient anxiety. Evidence of obstruction may be 
entirely absent in the resting patient but is often 
readily provoked by a toe pinch. It is often difficult to 
assess the severity of a dynamic obstruction on a resting 
Doppler examination. Provocative intervention, such 
as isoproterenol infusion, often unmasks a latent ob- 
struction and gives some indication of the patient’s 
response to exercise. No systematic echocardiographic 
studies of diastolic function have been reported in 


MYOCARDIAL DISEASES OF DOGS 605 


dogs with HCM. In some dogs, the amplitude of the 
mitral valve A wave is increased and the E/A ratio is 
reduced, suggesting reduced compliance. Prolonga- 
tion in the isovolumetric relaxation time and an in- 
crease in the deceleration time of the spectral Doppler 
mitral valve E wave may also be observed. 


TREATMENT AND PROGNOSIS 


The severity and consequences of HCM in dogs and 
people are quite variable. Survival to at least middle 
age without clinical signs has been documented in 
some affected dogs, but others have died suddenly or 
developed signs of congestive heart failure.” One 
of us (Sisson) has observed spontaneous disappear- 
ance of LVOT obstruction and resolution of hypertro- 
phy in some immature dogs after they reached adult- 
hood (1 to 2 years of age). Other dogs have achieved 
this status after prolonged medical therapy to reduce 
dynamic obstruction; some dogs require lifelong treat- 
ment. Too few dogs have been treated to draw defini- 
tive conclusions regarding the best treatment for ca- 
nine HCM. The goals of treatment in cats and humans 
with HCM are to improve diastolic filling, alleviate 
congestive signs, reduce or abolish obstructive gradi- 
ents, control arrhythmias, and prevent sudden death 
(see chapter 18). Since most of the dogs we have 
evaluated have severe dynamic outflow obstruction 
with no evidence of CHF, treaunent eliminating or 
reducing the obstruction and preventing sudden death 
has been largely emphasized. 

Options for treating dynamic LVOT obstruction in- 
clude drug therapy, surgery, pacemaker implantation, 
and selective alcoholization of the interventricular sep- 
tum. Beta-adrenoreceptor—blocking drugs are often 
used to reduce dynamic LVOT obstruction in human 
patients. By slowing the heart rate, beta-blockers also 
improve diastolic filling, but they do not improve myo- 
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FIGURE 27-11 


(A) Two-dimensional echocardiogram (cross-section view) of the left ventricle through the mitral 
valve. The left ventricle is concentrically hypertrophied, and systolic apposition of the mitral valve 
with the interventricular septum is present during midsystole (SAM). (B) Systolic anterior motion of 
the mitral valve, with systolic apposition with the septum (arrows) is evident on this M-mode 


echocardiogram. 


cardial relaxation.*!* *!° 216 We have been able to abol- 
ish or reduce markedly the severity of LVOT obstruc- 
tion in most of the dogs we have treated with beta- 
blockers. Atenolol is usually very effective, but other 
beta-blockers probably work as well. The dose of ateno- 
lol is gradually increased, from 0.5 to 1.5 mg/kg q12 
to 24h until the gradient is abolished or adverse signs 
(lethargy, bradycardia) are observed. The calcium 
channel blocker verapamil has also been shown effec- 
tive in reducing dynamic obstruction in human pa- 
tients by virtue of its negative inotropic effects.*!* 21°?! 
We have not used this drug in dogs with HCM. Vera- 
pamil improves diastolic filling by improving ventricu- 
lar relaxation and reducing heart rate.*'? Diltiazem is 
less effective for reducing LVOT obstruction as it does 
not depress contractility as markedly as do verapamil 
or beta-blockers.*'* *!7 Because of its vasodilating ef- 
fects, diltiazem can worsen dynamic obstruction in 
some patients. Diltiazem might be more useful for 
treating the nonobstructive form of canine HCM, 
given its beneficial effects on ventricular relaxation 
and diastolic filling. Diuretics have been shown to 
improve congestive symptoms in humans with HCM, 
and conservative dosing does not appear to aggravate 
LVOT obstruction substantially. Few affected dogs have 
required such treatment. 

A number of ingenious alternatives have been de- 
vised to diminish the LVOT obstruction when drug 
therapy is contraindicated or ineffective. In some pa- 
tients, the dynamic LVOT obstruction can be reduced 
or abolished by altering the normal sequence of ven- 
tricular activation. Paradoxic motion of the interven- 
tricular septum can be induced by dual-chamber 
(DDD) pacing, thereby reducing SAM and the obstruc- 
tive gradient.*!? In some human patients treated by 


DDD pacing, a prolonged beneficial effect persists 
even when pacing is discontinued.*"* ° To our knowl- 
edge, only one dog has been treated in this fashion. 
Surgical myectomy of the hypertrophied septum with 
or without simultaneous repair or replacement of the 
mitral valve can also be used to abolish obstruction by 
preventing SAM of the mitral valve.' *°° 1 This tech- 
nique is often helpful in human patients but has not 
been attempted in dogs. Septal hypertrophy can also 
be obliterated without surgery by alcoholization of the 
interventricular septum (Sigwart procedure).?** 

Strenuous exercise should be discouraged because 
of the risk of sudden death. Aggressive treatment with 
beta-blockers helps encourage this recommendation. 
The value of antiarrhythmic drug therapy in humans 
with HCM is controversial. © Amiodarone and sotalol, 
both of which are class III antiarrhythmic drugs, are 
useful for treating symptomatic arrhythmia in patients 
with HCM, but there is no conclusive evidence that 
they improve survival (see chapter 18).' Implantable 
cardiac defibrillators are sometimes used in human 
patients considered at high risk for sudden death.?* 
These modalities have not been evaluated in dogs 
with HCM. 


UNUSUAL OR UNCLASSIFIED 
MYOCARDIAL DISEASES 


CANINE X-LINKED MUSCULAR DYSTROPHY 


Dystrophin is a protein that binds actin and, to- 
gether with a complex of other proteins, links the 


cytoskeleton to the extracellular matrix.*** Mutations 
in the dystrophin gene result in progressive degenera- 
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tion of systemic and cardiac muscle.” Duchenne’s and 
Becker’s muscular dystrophy, collectively referred to as 
the dystrophinopathies, are the most common inher- 
ited muscular diseases in people. Cardiac involvement 
is characterized pathologically by degeneration and 
fibrosis of the myocardium, centering on the postero- 
lateral wall of the left ventricle. Myocardial failure is 
the eventual culmination of these changes. Canine X- 
linked muscular dystrophy (CXMD) is a rare muscular 
disease that shares many similarities with Duchenne’s 
and Becker’s muscular dystrophies in people. It is 
sometimes referred to as golden retriever muscular 
dystrophy (GRMD) because it was first recognized in 
golden retriever dogs, some of which were bred and 
developed as a model of this disorder.**°*** GRMD is 
caused by a point mutation in the consensus splice 
acceptor in intron 6 of the canine dystrophin gene. As 
a result, exon 7 is skipped during processing of the 
GRMD dystrophin messenger RNA.**? 

Myocardial lesions are not grossly visible prior to 11 
weeks of age, but they become obvious by 6.5 months 
of age and are quite extensive by 6 years of age. Early 
lesions, consisting of focal areas of myocyte degenera- 
tion and mineralization, first appear in the subepicar- 
dial region of the LV free wall, the LV papillary mus- 
cles, and interventricular septum. These later evolve 
into linear and anastomosing bands of loose fibrovas- 
cular tissue and eventually into dense fibrous connec- 
tive tissue. The most common ultrastructural features 
of CXMD are increased variation in myocyte size and 
endomysial fibrosis. Other changes include loss of 
myofilaments, increased numbers of variable-sized mi- 
tochondria, and increased myelin, cytoplasmic lipofus- 
cin, and lipid droplets. Immunohistochemical staining 
can be employed to identify affected dogs.****?7 

Clinical signs of skeletal muscle involvement pre- 


FIGURE 27-12 
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dominate in affected dogs, but severe cardiac involve- 
ment often develops later in life. Signs of skeletal 
muscular dystrophy appear at about 8 weeks of age 
and dominate the clinical picture during the first few 
years of life. Only a few dogs, most raised in breeding 
colonies, have survived until 5 or 6 years of age, when 
signs of CHF become obvious.” Some dogs develop 
soft systolic murmurs typical of mild mitral insuffi- 
ciency. The ECG changes in CXMD are most obvious 
when sequential tracings are obtained after 6 months 
of age. Abnormalities include a shortened PR interval, 
deep and narrow Q waves in leads II, II, aV;, CV6LL, 
and CV6LU, and an increased Q/R ratio in leads 
CV6LL and CV6LU.** Ventricular premature com- 
plexes and ventricular tachycardia have also been ob- 
served. Radiographic cardiomegaly is usually modest, 
but the cardiac apex may be distinctly pointed.*** Dis- 
tinctive echocardiographic changes are observed in 
dogs over 6 months of age. Hyperechoic myocardial 
lesions first appear and become most extensive in the 
left ventricular free wall and papillary muscles, and to 
a lesser extent in the septum (Fig. 27-12). The inten- 
sity of the hyperechoic areas decreases after 2 years of 
age when the dimensions of the left ventricle increase 
as LV contractility begins to decline, as demonstrated 
by decreased fractional shortening, increased E point 
septal separation, and hypokinesis of the septum and 
LV wall. Signs of CHF can be treated by traditional 
means, but specific treatment for CXMD is not cur- 
rently available. 


ATRIOVENTRICULAR MYOPATHY (SILENT 
ATRIA, PERSISTENT ATRIAL STANDSTILL) 


Atrioventricular myopathy (AVM) is a progressive 
myocardial disease of dogs and cats that is character- 


Two-dimensional echocardiograms recorded from a 7-month-old female dog (A) and an 8-month-old 
male dog (B) with Duchenne-type muscular dystrophy. Modified parasternal long-axis views of the 
LV show hyperechoic lesions clumped in the left ventricular free wall at the level of the chordae 
tendineae (arrow) in (A), and in the papillary muscle and LV free wall (arrows) in (B). (From Moise 
NS, et al. Duchenne’s cardiomyopathy in a canine model: electrocardiographic and echocardiographic 
studies. J Am Coll Cardiol 17:812, 1991. Copyright by the American College of Cardiology.) 
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ized by atrial enlargement, bradycardia, eventual heart 
failure, and death. Some affected dogs have a poorly 
characterized form of skeletal muscular dystrophy.” 
English springer spaniels and Old English sheepdogs 
are reportedly predisposed, but AVM also occurs in 
other pure- and mixed-breed dogs. Affected dogs typi- 
cally present for weakness, collapse, or syncope caused 
by severe bradycardia. Less commonly, dogs present 
with signs of right or biventricular CHF. Soft murmurs 
of AV valve insufficiency are audible in many cases. 
The most common ECG abnormality is persistent atrial 
standstill, but heart block and other rhythm and con- 
duction disturbances also occur. Atrial enlargement is 
usually evident on thoracic radiographs, and general- 
ized cardiomegaly is present in some dogs. Dilated, 
immobile atria can be identified by echocardiography 
or fluoroscopy. In some cases, the atrial appendage (s) 
continue to contract after activity in the rest of the 
atria has ceased. The clinical course of AVM is charac- 
terized by declining myocardial contractility, progres- 
sive ventricular dilation, and the development of re- 
fractory heart failure. Signs resulting from bradycardia 
can be palliated by artificial pacemaker implantation, 
but most dogs soon develop clinical signs of progres- 
sive heart failure. 

At necropsy, the atria are often dilated, thin, and 
fibrotic, with little or no visible muscle (Fig. 27—13).?°° 
The atrial appendages are often less severely affected 
than the rest of the atria. Histologic findings include 
variable amounts of mononuclear infiltration, myo- 
fiber necrosis and disappearance, and pervasive re- 
placement fibrosis. In some cases, the inflammatory 


FIGURE 27-13 


infiltrates are extensive (Fig. 27—13).?*' Changes in 
skeletal muscle include muscle atrophy, hyalinized de- 
generated muscle fibers, and mild to moderate 
steatosis. Cardiomyopathy and conduction distur- 
bances also characterize Emery-Dreifuss and some 
limb girdle muscular dystrophies in people.” The 
relationship between canine AVM and these disorders 
is uncertain. Emery-Dreifuss muscular dystrophy 
(EDMD) is an X-linked inherited muscular disorder 
characterized by the triad of progressive weakness in 
humeroperoneal muscles and cardiomyopathy with 
conduction block. The gene responsible for X-linked 
EDMD encodes a serine-rich protein of 254 amino 
acids, named emerin, located in the nuclear envelope 
and in desmosomes and fasciae adherentes of cardiac 
myocytes.” Eight other dystrophin-associated muscle 
proteins, including dystroglycans, 5 sarcoglycans, and 
utrophin, have been identified.*** Absence of alpha- 
sarcoglycan in some people is associated with the pres- 
ence of dilated cardiomyopathy and the propensity to 
develop atrioventricular (AV) conduction distur- 
bances.**° 


RIGHT VENTRICULAR CARDIOMYOPATHY 


Right ventricular cardiomyopathy, sometimes re- 
ferred to as arrhythmogenic right ventricular dysplasia, 
is an unusual heart disorder in people characterized 
by partial or total replacement of the right ventricular 
muscle with adipose and fibrous tissue.’ **° In people, 
diagnosis is based on the echocardiographic demon- 
stration of a dilated, poorly contracting right ventricle, 


(A) This right-sided external view of the heart of a dog with atrioventricular myopathy shows a very 
dilated right atrium, and the atrial myocardium has been largely replaced by fibrous connective 
tissue except for the tip of the right auricle. (Photo courtesy of Dr. W. P. Thomas.) (B) The 
histology specimen from a different dog with AVM shows extensive mononuclear cell infiltrates 


surrounding healthy and dying atrial myocytes. 


the finding of inverted T waves in the right precordial 
ECG leads, ventricular arrhythmias of right ventricular 
origin, and symptoms of palpitations and syncope. Au- 
tosomal dominant inheritance has been shown in 
about one third of human cases. Similar pathologic 
and clinical findings were described in the only two 
canine cases reported to date.?*” 8 Fox has recently 
described this condition in cats (see chapter 28). 


SECONDARY MYOCARDIAL 
DISEASES OF DOGS 


NONINFECTIOUS MYOCARDIAL 
DISEASES 


DRUGS AND TOXINS 


Many drugs and toxins have been shown to cause 
temporary myocardial depression (anesthetics) or per- 
manent myocardial injury. High cumulative doses of 
alcohol, cobalt, gossypol, catecholamines, furazoli- 
done, monensin, and a number of anticancer chemo- 
therapeutic agents cause degenerative myocardial le- 
sions and cardiac failure.” * With the exception of 
chemotherapeutic agents, natural exposure to large 
quantities of these toxins is unlikely. Most cases of 
drug-induced myocardial failure in dogs are caused 
by the administration of the anthracycline compound 
doxorubicin to cancer patients.” The 4'-anthracy- 
cline analogue epirubicin is also cardiotoxic, although 
it is reportedly less so than doxorubicin.” Mitoxan- 
trone, a dihydroxyquinone derivative of anthracene 
related to doxorubicin, is reported to have no or very 
little cardiotoxicity in dogs, but this is yet to be con- 
firmed.** High doses of cyclophosphamide are also 
cardiotoxic, particularly when given in combination 
with doxorubicin." 24” 


ANTHRACYCLINE CARDIOTOXICITY. Doxorubicin is used 
to treat many different types of cancer. Standard use 
of rather high doses has resulted in a large increase in 
the frequency of acute and chronic cardiotoxicity. The 
toxic mechanism of myocardial cell injury is uncertain, 
but free radical generation and lipid membrane perox- 
idation may be involved. Pathologic changes caused by 
doxorubicin include myocyte degeneration with myo- 
fibrillar loss, cytoplasmic vacuolization, myocytolysis, 
and interstitial fibrosis and edema.'-**' Less severe myo- 
cyte injury has been demonstrated after a single injec- 
tion of doxorubicin.” Even when the cumulative dose 
is low, doxorubicin infusion can cause supraventricular 
or ventricular arrhythmias. These rhythm disturbances 
are rarely severe and generally do not require treat- 
ment. Chronic doxorubicin toxicity causes progressive 
myocardial failure. Myocardial failure with signs of 
CHF can occur in dogs receiving cumulative doses of 
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150 to 240 mg/m’.**°°* Persistent arrhythmias and 
conduction disturbances are also associated with high 
(over 150 mg/m?) cumulative dosages, and their oc- 
currence does not necessarily correlate with advanced 
myocardial failure.” Once thought to be a rapidly 
progressive and uniformly fatal complication, doxoru- 
bicin-induced myocardial failure can be successfully 
treated, with a reasonably favorable outcome, at least 
in human patients.*: %0 Several studies indicate that 
many patients improve with conventional heart failure 
treatment, and they have reasonably long survival 
times.24*: 250 

The overall prevalence of doxorubicin toxicity is 
unknown. In one study of 175 dogs, 18 percent devel- 
oped cardiac abnormalities, but only 4 percent devel- 
oped signs of CHF.” The reported prevalence of CHF 
in dogs treated for lymphosarcoma has varied from 8 
percent to 16 percent.” 1 Of 35 dogs with osteosar- 
coma treated with doxorubicin at a cumulative dose of 
150 mg/m?, three died or were euthanized because of 
cardiomyopathy and one dog died suddenly.” The 
most important risk factor for cardiotoxicity identified 
in dogs is the total cumulative dose of doxorubicin. 
Risk factors identified in people include (1) high cu- 
mulative total dose; (2) high peak serum levels (high 
single doses given over a short time period); (3) con- 
current administration of other cardiotoxic drugs; 
such as cyclophosphamide; (4) patient age, with very 
young and very old patients at greatest risk; and (5) 
history of cardiac disease. 

The time to onset of CHF, relative to the last admin- 
istered doxorubicin treatment, is highly variable. Echo- 
cardiographic evidence of moderate to advanced myo- 
cardial failure may be seen during or shortly after 
treatment or may develop several months following 
cessation of treatment. It is advisable to monitor doxo- 
rubicin therapy periodically via resting ECGs and echo- 
cardiography. There are no agreed upon criteria for 
the administration and monitoring of doxorubicin in 
dogs, but the following approach serves as a pragmatic 
guide: Chest radiographs and an ECG should be ob- 
tained before initiating therapy. Dogs with suspected 
heart disease and those breeds at high risk for DCM, 
such as Doberman pinschers, should be evaluated by 
echocardiography prior to initiating doxorubicin. In 
most circumstances, doxorubicin should be avoided in 
dogs with a fractional shortening (FS) of less than 20 
percent. After receiving a 90 mg/m? cumulative dosage 
of doxorubicin, every dog should be evaluated by 
echocardiography, which should be repeated after 
each subsequent dose. An earlier evaluation should 
be scheduled if arrhythmias or exercise intolerance 
is detected. Treatment with doxorubicin should be 
discontinued if the percent FS declines below 25 per- 
cent, unless there is no other reasonable treatment 
alternative. Efforts continue to identify an effective 
cardioprotectant for patients receiving high cumulative 
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doses of doxorubicin. At least one such agent, dexra- 
zoxane, has shown efficacy in humans and dogs, but 
the optimal dose in dogs has not been determined.?** 


INFILTRATIVE AND RESTRICTIVE 
CARDIOMYOPATHIES 


Infiltrative myocardial diseases are rare in dogs. The 
most common infiltrating cardiac tumors occurring in 
dogs are hemangiosarcoma, some heart base tumors, 
and lymphosarcoma. Diastolic or systolic myocardial 
dysfunction caused by diffuse myocardial infiltration is 
very rare. Lymphosarcoma is the most likely tumor to 
exhibit this behavior.’ Myocardial lymphosarcoma is 
sometimes so extensive that it resembles hypertrophic 
cardiomyopathy on echocardiography. The clinical 
manifestations of cardiac neoplasia are usually due to 
pericardial effusion, local obstruction to blood flow, 
or arrhythmia. The diagnosis and treatment of the 
common cardiac neoplasms are discussed in chapters 
29 and 36. 

Other diseases reported to cause restrictive myocar- 
dial disease in humans, such as amyloidosis, sarcoido- 
sis, hemochromatosis, and eosinophilic or fibrosing 
endomyocardial disease, have not been reported in 
dogs. Myocardial infiltration with glycogen has been 
reported in several Lapland dogs with type II glycogen 
Storage disease (Pompe’s disease).?°* °° Clinical signs 
were mainly due to profound skeletal muscular weak- 
ness and megaesophagus. None of the dogs had signs 
of CHF, but cardiac arrhythmias and cardiomegaly 
were identified. Identification of the enzymatic defect 
was accomplished by demonstration of decreased acid 
alpha-glucosidase activity in peripheral blood leuko- 
cytes. Autosomal recessive inheritance was suspected. 


ISCHEMIC CARDIOMYOPATHY 


Ischemic myocardial disease can result from obstruc- 
tion of the large coronary arteries, from obstruction 
of the smaller intramural coronary arterioles, or from 
intense and prolonged vasospasm. Of the few cases of 
myocardial infarction reported in the literature, most 
had bacterial endocarditis with coronary artery 
embolization.” *” Myocardial infarcts have also been 
reported secondary to septicemia and pulmonary neo- 
plasms, and as the primary disorder in cases of sudden, 
unexpected death.” 8 Liu and associates described 
the clinical and pathologic findings in 21 dogs with 
atherosclerosis.” In this study, four dogs showed signs 
of heart failure, and three dogs had atrial fibrillation. 
Hypothyroidism, hypercholesterolemia, and hyperlip- 
idemia were identified as possible risk factors. The 
low incidence of atherosclerosis in dogs is most likely 
related to genetic, diet, and lifestyle differences relative 
to humans. In addition, the dog has an extensive epi- 
cardial collateral vascular network that is absent in 
humans. Diagnosis of myocardial infarction is difficult, 


and it is probably seldom recognized antemortem. Ar- 
rhythmias, altered QRS complexes with deep Q waves, 
ST segment changes, and T-wave abnormalities may be 
detected.” Asymmetric hypokinesis may be observed 
by echocardiography. Increased aspartate transaminase 
(AST, SGOT) and creatine kinase (CK) activity has 
been observed by us in association with weakness, de- 
pression, ventricular tachycardia, and subsequent 
death associated with extensive myocardial infarction. 

Myocardial necrosis and fibrosis are often observed 
in the papillary muscles and subendocardial regions 
of the left ventricle in dogs dying of subvalvular aortic 
stenosis or hypertrophic cardiomyopathy. Such lesions 
are usually seen in association with intimal prolifera- 
tion and hypertrophy of the smooth muscle in the 
media of the intramural coronary arteries. The suben- 
dothelial myocardium is most distant from the origin 
of the intramural circulation and is most subject to 
compromise of the coronary circulation, whether it 
results from physical obstruction, high intramural pres- 
sure, or tachycardia. Similar myocardial lesions are 
commonly observed in old dogs with chronic degener- 
ative valve disease in association with arteriosclerotic 
lesions of the small intramural arterioles (see chapter 
25). Myocardial necrosis may also result from coronary 
vasoconstriction caused by increased catecholamine 
levels. Myocardial ischemic necrosis due to sympatheti- 
cally mediated coronary vasoconstriction may occur 
secondary to shock, severe hypotension, and central 
nervous system lesions, especially brain and spinal cord 
trauma.?° 261 


MYOCARDITIS 


Myocarditis, simply defined, is a focal or diffuse 
involvement of the heart muscle in an inflammatory 
process. It can result from a variety of infectious, chem- 
ical, or physical agents.’ Although the term is often 
used in association with arrhythmic diseases in dogs, 
myocarditis is usually not proved in these cases. The 
consequences of myocarditis depend on the location, 
extent, and duration of cardiac involvement. Endo- 
myocardial biopsy is essential for antemortem diagno- 
sis, and this may explain, in part, why life-threatening 
acute myocarditis and subacute myocarditis with subse- 
quent myocardial failure are not diagnosed very often 
in dogs. Focal myocarditis may go unnoticed and undi- 
agnosed unless an important area such as the conduc- 
tion system is involved. Subclinical or mild myocarditis 
is probably common in a variety of infectious and 
noninfectious systemic illnesses, but the diagnosis is 
rarely proved. 


VIRAL MYOCARDITIS 


Although many viruses probably have the potential 
for causing myocarditis, few have been proved clini- 


cally or experimentally in the dog, and these appear 
to be age-dependent, with a short window of suscepti- 
bility in the first few weeks of life. In the late 1970s 
and the early 1980s, a worldwide epidemic of canine 
parvovirus infection in dogs occurred. During that 
epidemic, a peracute viral myocarditis with very high 
mortality was described in litters of puppies between 3 
and 10 weeks of age.*°?*® Clinical signs included sud- 
den, unexpected death or peracute onset of anorexia 
and tachypnea progressing to death from pulmonary 
edema within minutes to hours. Clinical evaluation of 
affected pups showed tachycardia, arrhythmias, gallop 
rhythms and apical systolic murmurs, pulmonary rales, 
cardiomegaly, and pulmonary infiltrates, indicative of 
acute, severe left-sided heart failure. At necropsy, the 
hearts were dilated and the myocardium was pale. The 
histologic hallmark was myocarditis characterized by 
mononuclear cell infiltration and dense basophilic in- 
tranuclear inclusion.*® Since 1982, this form of ca- 
nine parvoviral disease has become rare, probably due 
to widespread immunity from natural exposure or vac- 
cination. Convincing clinical and experimental evi- 
dence indicates that myocardial failure in young dogs 
less than a year old may be the result of a prior 
parvovirus infection. Clinically, such cases may be in- 
distinguishable from other forms of DCM.*°7*7! 

Whether or not natural viral infections of other types 
produce myocarditis is uncertain. Certainly, no com- 
mon syndromes are recognized. Experimental infec- 
tions of puppies with both canine distemper virus and 
herpesvirus can produce myocarditis.?” ?73 


PROTOZOAL MYOCARDITIS 


TRYPANOSOMIASIS (CHAGAS’ DISEASE). Chagas’ disease 
has been reported in young dogs from the southern 
United States and Central and South America.?”**” 
The infecting organism, Trypanosoma cruzi, is a proto- 
zoan parasite transmitted by a blood-sucking insect of 
the subfamily Triatoma. Enzootic infections have been 
identified in some populations of wild animals, ro- 
dents, and dogs.?”**” The acute stage of the disease is 
characterized by weight loss, diarrhea, lethargy, an- 
orexia, lymphadenopathy, myocarditis, and sudden 
death. Acute infection is followed by a long latent 
phase of infection and the late but frequent develop- 
ment of progressive myocardial disease. Immunologic 
phenomena are thought to play an important role in 
the pathogenesis of chronic myocardial disease, which 
is characterized by the development of a variety of 
arrhythmias and conduction disturbances, and eventu- 
ally, by chamber enlargement and signs of heart fail- 
ure. Investigators in Panama recently described the 
clinical course of Chagas’ disease in 44 naturally in- 
fected dogs, which apparently serve as chronic reser- 
voirs of infection.” The most common ECG abnor- 
malities were ventricular and atrial arrhythmias and 
second-degree AV block. Dilation of the right atrium 
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and right ventricle eventually culminated in heart fail- 
ure. 

Antemortem diagnosis requires demonstration of 
parasitemia by culture or xenodiagnosis, or serodiag- 
nosis using complement fixation or other tests. Patho- 
logic examination shows multiple pale areas in the 
myocardium, especially in the right atrium and ventri- 
cle. Active granulomatous myocarditis is characterized 
by infiltrates of lymphocytes, plasma cells, and macro- 
phages associated with clusters of T. cruzi amastigotes 
(Fig. 27-14; see also Figs. 36-9, 36-10). In chronically 
infected dogs, fibrosis is often extensive in the right 
atrium and right ventricle and around the conduction 
sys tem. 280-282 

TOXOPLASMOSIS AND NEOSPOROSIS. The long-lived 
bradyzoites of Toxoplasma gondii can encyst in the myo- 
cardium, producing a chronic infection. Subsequent 
recrudescence and cyst rupture result in myocardial 
necrosis and hypersensitivity reactions, resulting in 
myocarditis, pericarditis, and, on rare occasion, heart 
failure. Serologic testing with demonstration of rising 
titers is helpful in establishing the diagnosis.**° Neospora 
caninum infects multiple tissues, including the heart, 
peripheral muscles, and central nervous system. Pe- 
ripheral neuromuscular deficits and CNS signs often 
dominate the clinical presentation, but collapse and 
sudden death have been reported in some affected 


FIGURE 27-14 


Histopathology of trypanosomal (Chagas’) myocarditis from a dog. 
A mixed neutrophilic and mononuclear cell infiltrate is visible in 
association with clusters of T. cruzi amastigotes (arrows). H&E stain 
x 100. (From Williams GD, et al. Naturally occurring 
trypanosomiasis (Chagas’ disease) in dogs. J Am Vet Med Assoc 
171:171, 1977.) 
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dogs.*** "5 The diagnosis can be confirmed by immu- 
nohistochemistry, electron microscopy, and the dem- 
onstration of antibodies to Neospora caninum. Severely 
ill dogs often die, but successful treatment has been 
reported with clindamycin, potentiated sulfonamides, 
and/or pyrimethamine.?** 286 


BACTERIAL AND MYCOTIC MYOCARDITIS 


Bacterial myocarditis is a possibility whenever bacter- 
emia, sepsis, or endocarditis occurs (see Fig. 36-8). 
The most common offending agents are staphylococcal 
and streptococcal species.” Suppurative myocardi- 
tis often develops in patients with bacterial endocardi- 
tis, either via direct extension from an infected valve 
or via the coronary circulation (see chapter 26). Myo- 
cardial damage is sometimes caused by bacterial toxins 
or by immune-mediated processes. Cardiac arrhyth- 
mias are the principal clinical manifestation of bacte- 
rial myocarditis. Lyme disease is a commonly men- 
tioned cause of myocarditis in dogs, but documented 
cases with proven cardiac sequelae are exceedingly 
rare. Lyme disease (borreliosis) is a multisystemic dis- 
ease dominated by involvement of joints, the CNS, 
eyes, and skin,”*”**? Clinical signs reported in dogs are 
often vague and nonspecific. Lyme disease is caused 
by the spirochete Borrelia burgdorferi and is transmitted 
principally by the deer tick, Ixodes dammini. Most cases 
of Lyme disease occur in the northeastern, western 
coastal, and north central United States. Serologic 
testing is not at present a reliable method of diagno- 
sis.°°""? The organism is difficult to isolate from tis- 
sues, but its presence may be surmised by positive 
immunohistochemical staining. Histologic changes as- 
sociated with Lyme myocarditis include multifocal 
myocardial necrosis and a mixed cellular infiltrate of 
plasma cells, lymphocytes, neutrophils, and macro- 
phages. 

Fungal infections of the myocardium are extremely 
rare, and they tend to occur mainly in debilitated or 
immunosuppressed patients. Infection usually spreads 
to the heart hematogenously, but local invasion can 
also occur. Mycotic cardiac infections reported in dogs 
include cryptococcosis, coccidioidomycosis, aspergillo- 
sis, and those due to other saprophytic fungi.?°*3 
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Feline 
Cardiomyopathies 


PHILIP R. FOX 


DEFINITIONS AND CLASSIFICATION 


Cardiomyopathy (cardio heart, myo muscle) describes a heterogeneous 
class of disorders whose dominant feature represents structural abnormality 
and functional impairment of the heart muscle. As such, these myocardial 
diseases exclude conditions resulting from valvular, hypertensive, vascular, 
pericardial, pulmonary, or congenital derangements. Advancements in echo- 
cardiographic technology, coupled with its widespread application, have 
resulted in increased clinical awareness of these conditions and improved 
diagnostic reliability.” Cardiomyopathies constitute the major category of 
cardiovascular diseases encountered in clinical practice. 

A variety of schemes have been proposed to define the cardiomyopa- 
thies.'-> * The term idiopathic (primary) cardiomyopathy has been applied 
classically to describe the myocardium as the sole source of heart disease 
when etiology cannot be identified, whereas secondary cardiomyopathy has 
denoted heart muscle disease resulting from an identifiable systemic, meta- 
bolic, or nutritional disorder. In 1996, the World Health Organization/ 
International Society and Federation of Cardiology Task Force expanded 
the original classification to include four types of idiopathic heart muscle 
disease: hypertrophic, dilated, restrictive, and arrhythmogenic right ventricu- 
lar cardiomyopathy.’ In addition, the term specific cardiomyopathies is applied 
to describe heart muscle diseases associated with specific cardiac or systemic 
disorders, such as hypertensive cardiomyopathy, ischemic cardiomyopathy, 
metabolic cardiomyopathy, and others. 

Accordingly, classification in cats is facilitated by clinical, pathologic, or 
physiologic information corresponding to (1) morphologic phenotype (e.g., 
hypertrophic or dilated cardiomyopathy); (2) etiology (e.g., taurine defi- 
ciency myocardial failure; thyrotoxic heart disease); (3) myocardial function 
(e.g., systolic or diastolic dysfunction); (4) pathology (e.g., infiltrative cardio- 
myopathy); and (5) pathophysiology (e.g., restrictive cardiomyopathy). Un- 
fortunately, any scheme is self-limiting, and many cases have overlapping 
features or do not fit readily into a particular category. This has given rise to 
the increasingly acknowledged designation of unclassified cardiomyopathies.* è 

Despite these and other difficulties in diagnosis and classification, there 
remains the practical problem of treating heart failure and clinical abnormal- 
ities associated with myocardial disease. As long as one recognizes that 
categories have no sharply defined boundaries, however, categories of cardio- 
myopathy continue to provide clinical utility. Important causes of cardiomy- 
opathies are listed in Table 28-1. 
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TABLE 28-1 
Causes of Feline Myocardial Disease 


Idiopathic 

Hypertrophic cardiomyopathy 

Restrictive cardiomyopathy 

Dilated cardiomyopathy 

Arrhythmogenic right ventricular cardiomyopathy 
Secondary (Including Specific Cardiomyopathies) 


Inflammatory 
Viral (panleukopenia?) 
Bacterial 
Protozoal 
Fungal 
Algal 
Parasitic 
Metabolic 
Nutritional 
Taurine deficiency 
Obesity 
Endocrine 
Thyrotoxicosis 
Acromegaly 
Diabetes mellitus 
Uremia 
Cushing’s syndrome 
Toxic 
Anthracyclines (Adriamycin) 
Infiltrative 
Neoplastic 
Glycogen storage disorders 
Mucopolysaccharidosis 
Fibroplastic 
Endomyocardial fibrosis 
Endocardial fibroelastosis 
Genetic 
Hypertrophic cardiomyopathy 
Neuromuscular 
Facioscapulohumeral muscular dystrophy 
Duchenne muscular dystrophy 
Physical Agents 
Heat stroke 
Unclassified Cardiomyopathies 
Idiopathic unclassified cardiomyopathy 
Persistent atrial standstill 
Miscellaneous 
Ischemia 
Excessive left ventricular moderator bands 


INCIDENCE OF 
CARDIOMYOPATHY 


There are always limitations in estimating disease 
incidence. Prevalence information is influenced by di- 
agnostic criteria, survey methods, clinical and morpho- 
logic heterogeneity, and uncertainties in classifica- 
tion." Because most data have originated from a few 
major referral institutions, the highly selective nature 
of patient referral patterns affects how these diseases 
are perceived. This can result in overestimation of 
disease prevalence in the general population.!? For 
example, an Animal Medical Center pathology survey 


of 4933 consecutive feline autopsies conducted be- 
tween 1962 and 1976 reported an 8.5 percent inci- 
dence of primary myocardial disease, with a male pre- 
dominance (60 percent male, 40 percent female). By 
comparison, congenital heart anomalies were detected 
in 1.9 percent of this population.’ Although extensive, 
this study preceded clinical appreciation of hyperthy- 
roidism (the most common cause of secondary feline 
cardiomyopathy, with a current incidence of | percent 
to 2 percent at The Animal Medical Center), systemic 
hypertension, and echocardiography. In contrast, a re- 
strictive view of prevalence may result from epidemio- 
logic studies that rely solely on morphologic data, such 
as are generated by echocardiography or necropsy. 
This has been illustrated by human genetic screening 
surveys that utilize molecular markers to detect af- 
fected genotypes, even in the absence of structural 
abnormalities.'! 

In spite of these limitations, however, necropsy and 
echocardiographic data clearly indicate that cardiomy- 
opathies comprise the most important category of fe- 
line cardiovascular diseases and that congenital heart 
diseases are relatively rare. More detailed demographic 
information is contained in sections discussing individ- 
ual myocardial disorders (Fig. 28-1). 


IDIOPATHIC (PRIMARY) 
CARDIOMYOPATHIES 


HEART FAILURE DUE TO DIASTOLIC 
DYSFUNCTION: HYPERTROPHIC AND 
RESTRICTIVE CARDIOMYOPATHY 


OVERVIEW OF DIASTOLIC FUNCTION 


Abnormalities of left ventricular (LV) diastolic func- 
tion may produce significant hemodynamic abnormali- 
ties. These can cause or contribute to heart failure 
even when systolic function is normal." Unfortu- 
nately, diastolic function represents a complex se- 
quence of many congruent events whose interrelation- 
ships are conceptually difficult and remain poorly 
defined. Moreover, diastolic dysfunction is difficult to 
diagnose or differentiate from systolic dysfunction 
based on history, physical examination, electrocardiog- 


raphy (ECG), and radiography. '* 15-20 


PHYSIOLOGY OF DIASTOLIC FUNCTION 


Diastolic function encompasses several distinct and 
different hemodynamic phases. Classically, the cardiac 
cycle is divided into systole and four diastolic phases 
(isovolumetric relaxation; rapid filling; slow filling, or 
diastasis; and atrial contraction, or late-filling phase) 


Feline Cardiomyopathy Prevalence Survey 
6,522 Sequential Echos: 1985-1998, AMC? 


% Affected 


‘98 


'88 ‘88 ‘90 '91 ‘92 '93 ‘94 "95 ‘96 ‘97 


‘85 '86' '87 
Year "Fox PR. 1998 
FIGURE 28-1 
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Feline Cardiomyopathy Breed Prevalence 
5,672 Sequential Echos: 1985-1996, AMC 


% Affected 


DSH 
Siamese 
Abyssinian 
Himalayan 
Persian 
Maine Coon 


LVH QDCM &RCM 
*Fox PR. 1998 


Prevalence of feline cardiomyopathy based upon consecutive echocardiographic examinations at The 
Animal Medical Center. Cats were presented for cardiovascular evaluation based upon a clinical 
suspicion of heart disease. Cases originated from New York City, Long Island, southern New York 
State, northern New Jersey, and southern Connecticut. The incidence data do not add up to 100 
percent because only those cats that had myocardial disease compatible with a diagnosis of dilated 
cardiomyopathy (DCM), restrictive cardiomyopathy (RCM), or pathologic left ventricular hypertrophy 
(LVH) are listed. (A) Prevalence of DCM, RCM, and LVH diagnosed between 1985-1998. Known 
cases of hyperthyroidism or systemic hypertension were not included, and the LVH category 
represents predominantly idiopathic hypertrophic cardiomyopathy. Data for 1998 are limited to the 
first trimester. (B) The prevalence of feline breeds diagnosed with RCM, DCM, and LVH between 
1985-1996 are compared. (Fox PR. Unpublished data, 1998.) 


(see Fig. 3-14). 7 A simpler and perhaps more clini- 
cally useful approach considers the cardiac cycle in 
terms of three segments: systolic contraction (encom- 
passing isovolumetric contraction and the first half of 
ejection), relaxation (consisting of a large portion of 
the second half of ejection, isovolumetric relaxation, 
and rapid filling), and filling (beginning from mitral 
valve opening and ending in its closure, during which 
the ventricle fills with blood from the left atrium). 
Major determinants of left ventricular filling are (1) 
ventricular relaxation (i.e., the rate and duration of the 
decrease in LV pressure after systolic contraction), an 
energy-dependent process during which contractile el- 
ements are deactivated and the myofibrils return to 
their precontractile length; and (2) effective chamber 
compliance (i.e., the rate of change of volume per rate 
of change in pressure). 


EFFECTS OF DISEASE STATES ON DIASTOLIC 
FUNCTION 


Disease states may alter diastolic function through 
many pathways. Three important mechanisms control- 
ling relaxation are (1) inactivation (i.e., disengage- 
ment of actin-myosin cross bridges (influenced by 
intracellular calcium concentration, metabolic and 
neurohumeral [sympathomimetic] control, and aden- 
osine triphosphate (ATP) concentrations); (2) LV 
loading forces; and (3) heterogeneity of relaxation 


(ischemia, infarction, or arrhythmias can cause differ- 
ent ventricular segments to relax asynchronously, 
thereby reducing chamber relaxation rate) .'*°° Cham- 
ber compliance can be reduced by increased myocar- 
dial stiffness, pericardial constraint, or increased cham- 
ber volume. These alterations in diastolic function will 
increase LV filling pressure and mean left atrial (LA) 
pressure and can result in pulmonary edema. Clini- 
cally, relaxation abnormalities may occur with myocar- 
dial ischemia, hypoxia, hypertrophy, and other factors. 
Ventricular hypertrophy and abnormal ventricular 
chamber cavity, endomyocardial fibrosis, and myofibril 
architectural disarray may result from a variety of pri- 
mary or secondary myocardial disorders” +7 9. 13. 21-26a 


ASSESSMENT OF DIASTOLIC FUNCTION 


Diastolic function may be measured by a number of 
techniques. Invasive methods such as peak negative 
change in left ventricular pressure over time (dP/dt) 
and the time constant of relaxation (tau) are accepted 
indexes of the rate of relaxation.'* However, these 
techniques are not performed in the clinical setting. A 
noninvasive and practical technique to assess diastolic 
function is Doppler echocardiography. When a pulsed- 
wave Doppler echo-sampling gate is placed at the tips 
of the mitral valve leaflets, peak velocity measurements 
indicate the relative instantaneous pressure change be- 
tween the LV and LA. Resultant transmitral flow veloc- 
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A B 
NORMAL RELAXATION 


c D 
PSEUDO- RESTRICTIVE 


ABNORMALITY NORMALIZATION PHYSIOLOGY 


FIGURE 28-2 


Diagram depicting transmitral inflow velocity patterns obtained by pulse wave Doppler 
echocardiography in normal states and with diastolic dysfunction. Optimal recordings are made at 
the left apical parasternal transducer location, four-chamber inflow view (see Fig. 8-10A) with the 
pulsed-wave Doppler echo sample volume gate positioned at the mitral valve leaflet tips in diastole. 
Alterations in velocity profiles occur in myopathic conditions that share similar diastolic properties, 
and there is overlap in Doppler patterns between disease states. Documentation of these classic 
filling patterns in cats is often frustrated by rapid feline heart rates and attendant summation of E 
and A waves. (A) Normal-In healthy cats with normal left-sided pressures, a high-velocity early 
diastolic filling wave (E wave) is followed by a smaller (lower velocity) late diastolic wave caused by 
atrial contraction (A wave). The isovolumic relaxation time (/VRT) is an index of LV relaxation. It 
represents the time from aortic valve closure (AC) (approximated from the Doppler spectral trace as 
the time from cessation of aortic blood flow), to mitral valve opening (MO). MC, mitral valve closure. 
(B) Relaxation abnormality-Impaired LV relaxation may be indicated by a low carly peak velocity (E 
wave) and very high atrial velocity (A wave). The IVRT is prolonged, the acceleration time (AT) is 
reduced, and the deceleration time (DT) is prolonged. Left ventricular diastolic pressures may be 
increased. (C) Pseudonormal‘‘Pseudonormalization”’ describes an apparently normal pattern that is 
actually a transition between impaired relaxation and restrictive physiology. (D) Restrictive 
physiology-Typical features include a high early velocity (E wave) and a very low atrial velocity (A 
wave). Both the IVRT and DT are shortened. This pattern may accompany markedly elevated LV 


filling pressures. 


ity curves can be interpreted as a representation of 
the overall diastolic cardiac filling characteristics (Fig. 
28-2) and have been useful in diagnosis, prognosis, 
and treatment of diastolic function in human pa- 
tients. !?: 15, 27-30 

Abnormal LV relaxation is a common manifestation 
of hypertrophic cardiomyopathy. The most characteris- 
tic Doppler echo feature of a relaxation abnormality is 
low E velocity, with prolonged deceleration, and high A 
velocity. The “normalization” of a previously abnormal 
filling pattern, called pseudonormalization, may repre- 
sent deterioration of LV diastolic function. A restrictive 
filling pattern is present in some patients with restrictive 
cardiomyopathy and appears as a high E velocity, with 
rapid deceleration and small A velocity.’ !4 15. 28-30 Simi- 
lar patterns are present in some cats with hypertrophic 
and restrictive cardiomyopathy (Fig. 28-2). In normal 
cats, the E velocity is generally slightly larger than the 
A velocity (see Table 8-4). Unfortunately, mitral flow 
velocities may vary with loading conditions, age, and 
heart rate.'* *!:* Also, E and A wave velocities may 
summate owing to rapid feline heart rates, making 
interpretation difficult. 


HYPERTROPHIC CARDIOMYOPATHY 


DEFINITIONS AND NOMENCLATURE 


Hypertrophic cardiomyopathy (HCM) is character- 
ized by a hypertrophied, nondilated left ventricle in 


the absence of other cardiac disease (e.g., aortic steno- 
sis or arterial hypertension) or systemic or metabolic 
abnormalities capable of producing the magnitude of 
hypertrophy evident. The hallmark histopathologic 
feature is myocyte disarray.” °- *!:*4% A distinctive clini- 
cal feature in some affected cats is a dynamic LV out- 
flow tract obstruction and related subaortic pressure 
gradient (obstructive form of HCM).” 


PREVALENCE AND DEMOGRAPHICS 


Liu reported a 5.2 percent incidence of HCM based 
upon 4933 consecutive feline necropsies at The Animal 
Medical Center between 1962 and 1976.’ A 1.6 percent 
prevalence of HCM was reported from a retrospective 
study of cats treated at the veterinary teaching hospital 
of North Carolina State University from 1985 to 1989.*° 
Between 1985 and 1997, left ventricular hypertrophy 
(predominantly idiopathic HCM) was diagnosed in 26 
percent to 64 percent of the cats examined for sus- 
pected heart disease by the Cardiology Service of The 
Animal Medical Center (see Fig. 28-14). The reported 
ages of cats diagnosed with HCM range from 3 months 
to 17 years,*7 % 26 3-3 with a mean age of 4.8°° to 7 
years.” Domestic shorthair cats are most frequently 
reported, followed by the domestic longhair. In certain 
breeds, HCM may be heritable. The strongest evidence 
for this is in Maine coon cats, “ American short- 


hairs,*! and Persians.® *+ 8 In contrast, HCM appears 
uncommonly in the Siamese, Burmese, and Abyssinian 
breeds (see Fig. 28-1B). A male predominance (up to 
87 percent) has been widely reported.** ?> 26, 33, 35, 37 
The nonobstructive form of HCM is more common 
than the obstructive form. 


ETIOLOGY 


In humans, HCM is a familial disorder with an au- 
tosomal dominant pattern of transmission caused by 
genes that encode cardiac sarcomere protein. About 
half the patients have mutations in one of six identified 
genes. Mutations in the genes encoding cardiac B- 
myosin heavy chain, cardiac troponin T, and a-tropo- 
myosin account for up to 70 percent of human familial 
HCM; mutations of cardiac myosin-binding protein C, 
ventricular myosin essential light chain, and ventricu- 
lar myosin regulatory light chain genes have been 
reported, and a seventh gene, cardiac troponin 1, is 
suspected. The B-myosin heavy chain gene located 
on chromosome 14 is most commonly responsible for 
human HCM, and mutations in this gene disrupt sar- 
comere assembly and cause sarcomere disarray, the 
hallmark of HCM.“ HCM is genetically heterogeneous, 
meaning that mutations in different genes can pro- 
duce the same clinical and phenotypical disease (i.e., 
pathologic hypertrophy).*7 Many missense mutations 
of these genes have been identified. Phenotype-geno- 
type associations could be important for clinical man- 
agement and breeding. For example, disease onset is 
delayed and prognosis is better with human HCM 
caused by mutations of cardiac myosin protein C gene 
compared with B-myosin heavy chain gene.” 

Evidence for genetic transmission of feline HCM is 
mounting. A heritable form of HCM has been identi- 
fied in a highly interrelated colony of Maine coon 
cats, compatible with autosomal dominance with 100 
percent penetrance.” “ Familial transmission sugges- 
tive of an autosomal dominant pattern has also been 
reported in related American shorthair cats with sys- 
tolic anterior motion of the mitral valve and/or 
HCM,” and in an inbred colony of Persian cats with 
left ventricular hypertrophy.** Nonfamilial forms of hu- 
man HCM occur as well in which neither parent of 
the affected individual has the disorder. De novo gene 
mutations, especially cardiac B-myosin heavy chain 
gene, can be causative.” Potentially, this may take place 
in cats as well. 

Although HCM is a genetic disease involving muta- 
tions of genes that encode proteins of the sarcomere, 
feline HCM and human HCM contain many gross 
and histopathologic structural abnormalities involving 
connective tissue elements. These include mitral valve 
anomalies, abnormal intramural coronary arteries, 
and collagen matrix derangements.” °° This may 
suggest that phenotypic expression of HCM is influ- 
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enced by factors other than the sarcomeric genetic 
mutation, including modifier genes or environmental 
triggers.*?. 30,51 


PATHOPHYSIOLOGY 


A number of derangements may occur in HCM asso- 
ciated with diastole. In some cases, systolic abnormali- 
ties are present in addition to diastolic dysfunction. In 
any particular patient, one or more of these pathophys- 
iologic mechanisms may be of consequence, including 
(1) diastolic dysfunction, (2) dynamic ventricular out- 
flow obstruction, (3) myocardial ischemia (4) ventricu- 
lar and supraventricular arrhythmias, and occasionally, 
(5) end-stage myocardial failure. 


Diastole 


DIASTOLIC DYSFUNCTION. In humans with HCM, ab- 
normal diastolic function is independent of the pres- 
ence or absence of symptoms or morphology (ie., 
obstructive or nonobstructive HCM).%® 555 In cats, LV 
diastolic dysfunction has also been documented with 
HCM and associated congestive heart failure." 25, 56,57 

Doppler echo filling dynamics appear to be nonuni- 
form within the LV. In human HCM patients’ filling 
dynamics are influenced (reduced) by the extent of 
ventricular septal hypertrophy"? and result from non- 
uniform ventricular relaxation”! and stiffness. These 
abnormalities may have clinical importance. For exam- 
ple, as a consequence of delayed LV relaxation and 
abnormal distensibility (stiffness), left-sided heart fill- 
ing pressures increase.** © The LA dilates in response 
to increased end-diastolic pressures, and pulmonary 
venous pressures may eventually become elevated. Pul- 
monary congestion may result from this and other 
associated neurohormonal changes. Factors that can 
contribute to abnormal ventricular filling and stiffness 
include abnormal cytosolic calcium kinetics,®' abnor- 
mal loading conditions,” fibrosis and myofiber disar- 
ray, °° © hypoxia, or ischemia.™: % 


MYOCARDIAL ISCHEMIA. Intrinsic diastolic function 
becomes abnormal when myocardial ischemia oc- 
curs.? & Cats with HCM have coronary remodeling 
(arteriosclerosis or “small vessel disease”) similar to 
that of humans with HCM.?6 26. %. 6 These pathologic 
changes are associated with abnormally thickened arte- 
riolar walls that reduce the lumen diameters.?+?*. 67 
The severity of coronary flow reserve is related to the 
degree of coronary microcirculation remodeling and 
myocardial hypertrophy.® In addition to qualitative 
changes in coronary microcirculation, quantitative 
changes in subendocardial coronary arteriolar density 
have been reported, with corresponding impairment 
of coronary vasodilator capacity in human HCM pa- 
tients." These changes may predispose to myocardial 
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ischemia and could explain alterations of myocardial 
metabolism that have been identified, even in asymp- 
tomatic HCM patients.” Other causes of myocardial 
ischemia include elevated LV filling pressures! ® and 
prolonged diastolic relaxation, resulting in increased 
myocardial wall tension; and LV outflow tract gradients 
and tachyarrhythmias” that can increase myocardial 
oxygen demand.” 


VENTRICULAR AND SUPRAVENTRICULAR TACHYARRHYTH- 
MIAS. Elevated heart rates diminish systolic and diastolic 
function;” reduce diastolic filling, which can increase 
outflow gradients; and reduce forward cardiac 
output.'* '* Excessive myocardial oxygen utilization and 
ischemia may result,” increasing myocardial stiffness 
and reducing ventricular filling. Fibrosis contributes 
importantly to the arrhythmogenic myocardial archi- 
tecture by enhancing re-entrant excitation (chapter 
16), particularly in ischemic heart disease.”** 


Systole 


DYNAMIC LEFT VENTRICULAR OUTFLOW TRACT OBSTRUC- 
TION. Hypertrophic obstructive cardiomyopathy 
(HOCM), an entity of HCM, is associated with several 


characteristic abnormalities:** *°* 73-88 (1) narrowing of 


the LV outflow tract, (2) systolic anterior motion 
(SAM) of the mitral valve (Fig. 28-3), and (3) produc- 
tion of an LV outflow tract pressure gradient (Fig. 
28-4). The LV outflow tract is formed by the hypertro- 
phied interventricular septum anteriorly and the ante- 
rior mitral valve leaflet posteriorly. Dynamic LV outflow 
tract obstruction is commonly associated with systolic 


apposition of the mitral apparatus with the hypertro- 
phied interventricular septum?® ™ 7 76 77 7, 8, 8486 and 
has stimulated great controversy. A number of mecha- 
nisms have been proposed, including narrowing of the 
subaortic outlet; longer anterior and posterior mitral 
leaflets and anteriorly displaced papillary muscles that 
poorly support leaflet tissue; increased left ventricular 
outflow velocities; a Venturi effect that sucks the mitral 
leaflet toward the septum; and a high-velocity turbu- 
lent flow in the ascending aorta as a consequence of 
systolic anterior motion of the mitral valve. 

In one echo/Doppler study of feline HCM, systolic 
anterior motion and dynamic left ventricular outflow 
obstruction were recorded in 42 percent of the cats. 
The magnitude of LV outflow tract obstruction varied 
from trivial to severe (gradients estimated by Doppler 
echo, 26 to 110 mmHg).”? These LV outflow tract 
gradients may be present at rest or can be provoked 
and accentuated with stress and excitement. 

Dynamic outflow tract obstruction and associated 
pressure gradients are potentially deleterious for sev- 
eral reasons.' They can result in increased systolic in- 
traventricular pressure (and thereby increase myocar- 
dial wall stress); exacerbate subendocardial ischemia; 
increase myocardial oxygen demand; and stimulate 
ventricular hypertrophy. The dynamics of intraventric- 
ular and LV outflow tract gradients, systolic anterior 
motion of the mitral valve leaflets, and cardiac re- 
sponses are labile. Stimuli that may promote or exacer- 
bate LV outflow gradients include (1) reduced LV 
volume (preload), (2) decreased afterload, and (3) 
increased contractility.' 14 74 75, 86-89 


FIGURE 28-3 


Dynamic left ventricular outflow obstruction in feline hypertrophic cardiomyopathy defined with 
echocardiography. (A) Two-dimensional recording (right parasternal long axis view). During systole, 
systolic anterior motion (SAM) with mitral valve-septal contact is present (arrow). Notice the aortic 
valve leaflets (AOV), which are open during ejection. The left atrium (LA) is enlarged. IVS, 
interventricular septum. (From Fox PR, Liu SK, Maron BJ: Echocardiographic assessment of 
spontaneously occurring feline hypertrophic cardiomyopathy: An animal model of human disease. 
Circulation 92:2645, 1992, with permission.) (B) M-mode tracing showing marked SAM and 
prolonged contact between anterior mitral leaflet and thickened IVS, producing an outflow gradient 


of 90 mmHg. LVW, left ventricular posterior wall. 


FIGURE 28-4 


Evidence of dynamic left ventricular outflow 
obstruction in a cat with hypertrophic 
cardiomyopathy. Top: M-mode echocardiographic 
tracing showing partial premature closure of aortic 
valve leaflets (arrows) during systole. This corresponds 
to obstruction of left ventricular outflow. Bottom: 
Continuous-wave Doppler waveform shows peak 
velocity occurring in mid-systole (3.8 m/sec; 
estimated outflow gradient, 55 mmHg). (From Fox 
PR, Liu SK, Maron BJ: Echocardiographic assessment 
of spontaneously occurring feline hypertrophic 
cardiomyopathy: An animal model of human disease. 
Circulation 92:2645, 1992, with permission.) 


MID LEFT VENTRICULAR GRADIENT. In addition to or 
instead of LV outflow tract gradient, some HCM cats 
have a mid-LV gradient as detected by Doppler echo- 
cardiography. A similar finding has been recorded in 
some humans with HCM.” Hypertrophied papillary 
muscles and hyperdynamic contractility have been pos- 
tulated as causes. 


MITRAL REGURGITATION. Dynamic mitral regurgitation 
(MR) frequently accompanies HCM with obstruction 
in humans®” %* and cats. When SAM is evident, MR 
results from systolic, anterior malposition of the mitral 
valve and increased tension on leaflets caused by papil- 
lary muscle displacement.” The resultant MR jet is 
usually directed posterolaterally (Fig. 28-5). The re- 
lated cardiac murmur in cats generally becomes louder 
as the pressure gradient (and degree of SAM) in- 
creases. Negative inotropes can eliminate midventricu- 
lar septal contact and LV outflow obstruction in peo- 
ple” and cats.” When the gradient and SAM are 
markedly reduced or eliminated by these therapies 
(particularly B-blocking drugs), both the degree of MR 
and the loudness of the murmur decrease in many 
cats. 
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FIGURE 28-5 


Two-dimensional echocardiogram (right parasternal long axis view) 
with color-flow imaging (shown in black and white) of a cat with 
HCM. There is dynamic LV outflow obstruction (estimated outflow 
gradient, 60 mmHg), which is associated with systolic anterior 
motion of the mitral valve. Mild mitral regurgitation (outlined) 
results from disruption of the mitral apparatus. The left atrium 
(LA) is moderately enlarged. 
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RIGHT VENTRICULAR OUTFLOW TRACT OBSTRUCTION AND 
PRESSURE GRADIENTS. Systolic abnormalities are not lim- 
ited to the left ventricle. Right ventricular (RV) outflow 
tract gradients have been recorded from cats with 
HCM.” In humans, RV outflow tract pressure gradients 
also occur, and a morphologic basis has been attrib- 
uted to muscular hypertrophy of the crista supraven- 
tricularis, moderator band, or trabeculae.” In cats, 
the etiology is undetermined, and most gradients are 
relatively mild (< 25 mmHg). 


REGIONAL LEFT VENTRICULAR SYSTOLIC DYSFUNCTION. 
Regional heterogeneity of left ventricular systolic dys- 
function has also been demonstrated. Whereas left 
ventricular ejection performance may be normal, seg- 
mental myocardial function (i.e., fractional thickening 
and circumferential shortening) is reduced in areas of 
thickened myocardium. Increased local wall thickness 
is related to worsening local wall function and may 
reflect regional variation in myocardial fiber disarray 
and fibrosis.** % 


END-STAGE MYOCARDIAL FAILURE. The clinical course of 
cats with HCM is commonly characterized by acute, 
life-threatening congestive heart failure (typically pul- 
monary edema), often with concomitant arterial 
thromboembolism. Many cases remain asymptomatic. 
Occasionally, HCM progresses to a stage of chamber 
dilatation and systolic dysfunction. In humans, this 
structural and functional evolution is due to severe 
myocyte death and massive replacement fibrosis, prob- 
ably associated with impaired coronary vasodilator re- 
serve and myocardial ischemia produced by an abnor- 
mal coronary microcirculation.” Similar coronary and 
myocardial lesions are observed in cats with suspected 
end-stage HCM (Fox PR, Liu SK, unpublished data, 
1998). This phase that resembles dilated cardiomyopa- 
thy is usually associated with refractory heart failure 
and poor prognosis and occurs in approximately 1 
percent to 5 percent of human HCM patients per 
year. 9” The incidence of evolution of HCM into end- 
stage myocardial failure in felines is uncertain. The 
cause of this phenomenon has not been elucidated, 
although impaired responses to isoproterenol infusion 
have been related to future deterioration of LV perfor- 
mance in humans with typical HCM.” 


PATHOLOGY 


The principal pathologic feature of primary (idio- 
pathic) hypertrophic cardiomyopathy is a hypertro- 
phied, nondilated left ventricle in the absence of caus- 
ative cardiac, systemic, or metabolic disease (Figs. 
28-6, 28—7).'* Left ventricular hypertrophy exhibits a 
broad morphologic spectrum in humans! ?®. ® 9% and 
cats,’ % 21, 24-26, 39, 41, 99-101 Bigtrial enlargement is com- 
mon. Mild to moderate right ventricular hypertrophy 


is often present. The hallmark histopathologic lesion 
is left ventricular myofiber disarray (cellular disorienta- 
tion in more than 5 percent of the tissue section) .” 242°. 
99, 102,103 Other common findings include remodeling of 
the coronary microcirculation associated with arterio- 
sclerosis (small vessel disease), and matrix abnormali- 
ties characterized by myocyte necrosis and fibrous con- 
nective tissue changes (see Figs. 36-2, 36-4, and 
36-5) 74-26, 65-68, 99. 102, 103 Myocardial infarction is fre- 
quently present in cats!** and has been reported in 
humans—both without significant extramural (large) 
coronary artery disease. In cats, the LV free (poste- 
rior) wall or LV apex is usually affected, although the 
RV free wall is occasionally involved. Necropsy may 
reveal left-sided congestive heart failure (CHF) (pul- 
monary congestion or edema) and, less commonly, 
right-sided CHF (pericardial, pleural, or abdominal 
effusions). Arterial thromboembolism (saddle throm- 
bus) is common, often with renal infarction. Left atrial 
and LV thrombi are occasionally present (see also 
chapter 36). 


CLINICAL MANIFESTATIONS 


HISTORY. A broad range of clinical abnormalities 
have been described.” 24, 25, 33-37, 39-41, 56, 100, 101, 106 Many 
cats are asymptomatic. In these cases, cardiac disease 
often is first discovered during routine examination by 
the presence of a heart murmur, gallop rhythm, or 
arrhythmia. In other cases, peracute signs (< 24 
hours) associated with pulmonary edema are heralded 
by severe dyspnea and orthopnea and represent the 
first clinical manifestation of cardiomyopathy. Occa- 
sionally, observant owners may observe tachypnea in 
early stages of decompensation. Anorexia and vomiting 
may precede respiratory signs by 1 or 2 days in some 
cats. Coughing is rarely observed, even in cats with 
fulminant pulmonary edema. Acute paresis is the sec- 
ond most common clinical sign and is associated with 
arterial thromboembolism. The back legs are most 
commonly affected (posterior paresis), but occasion- 
ally paresis of one front leg—generally the right 
front—occurs. Cats with posterior paresis are in acute 
pain and vocalize during the first 12 to 24 hours, 
whereas front leg paresis appears to be better toler- 
ated. In the majority of cats with arterial thromboem- 
bolism, CHF is also present. Syncope occurs less com- 
monly and may result from tachyarrhythmia or 
dynamic left ventricular outflow tract obstruction. Sud- 
den death without CHF is uncommon but has been 
documented by the author in association with stress, 
sudden activity, or Valsalva maneuvers (defecation or 
urination). 


PHYSICAL EXAMINATION. The left precordial apex beat 
is usually palpably normal or hyperdynamic. Ausculta- 
tion may reveal a soft, systolic murmur (I to II/VD 


j= ..}°= =.=. ===> aa — | 


FELINE CARDIOMYOPATHIES 


FIGURE 28-6 


Gross heart specimens from two cats with hypertrophic cardiomyopathy showing patterns and 
distribution of left ventricular hypertrophy associated with a small left ventricular cavity. (A) 
Ventricular septal thickening is maximal in the basal portion, and the LV posterior wall (LVW) is also 
substantially thickened. The left atrium (LA) is markedly enlarged and there is right ventricular 
hypertrophy. The LV outflow tract has a fibrous contact plaque (white arrow) on the basilar 
interventricular septal (IVS) surface. This plaque is in close proximity to the anterior mitral leaflet 
(AMVL) and presumably resulted from systolic apposition of the mitral valve and ventricular septum. 
The septal endocardial thickening present more distally in the mid-cavity level (black arrow) is 
probably a consequence of end-systolic cavity obliteration and contact between septum and other 
portions of the LV wall. (B) Ventricular septal thickening is more prominent toward the LV apex 
than the base. The right ventricle is hypertrophied. RA, right atrium. (From Fox PR, Liu SK, Maron 
BJ. Echocardiographic assessment of spontaneously occurring feline hypertrophic cardiomyopathy: 
An animal model of human disease. Circulation 92:2645, 1992, with permission.) 


FIGURE 28-7 


(A) Two-dimensional echocardiogram (right parasternal short axis view) recorded at the chordae- 
mitral valve level of a cat with posterior paresis from a distal aortic (“saddle”) embolus. In this view 
pathologic hypertrophy is confined to the anterior portion of the interventricular septum (VS) and a 
region of the anterolateral free wall (ALFW). A standard M-mode echo beam transecting the mid 
ventricular septum and left ventricular posterior wall (PW) would miss this focal hypertrophy. (B) 
Postmortem gross specimens from the same patient. The heart was sequentially sectioned from the 
papillary muscle level (first section at the left) to the mitral valve level (fourth section). Segmental 
hypertrophy is evident. LV, left ventricle; RV, right ventricle. 
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heard loudest over the mitral and/or tricuspid valve 
areas or over the sternum. A diastolic gallop rhythm is 
common and usually represents a fourth heart sound, 
S, (Fig. 28-8). Rales, arrhythmias, and femoral arterial 
pulse deficits occur commonly with CHF. Heart and 
lung sounds will be muffled if significant pleural or 
pericardial effusion is present. Paresis and absence of 
femoral arterial pulses accompany distal aortic throm- 
boembolism. Abnormal jugular venous pulses may be 
present with severe right-sided heart failure. Ascites 
and cachexia are occasionally present in cases of 
chronic, end-stage disease.*” 2* 21, 9-87, 56 


ELECTROCARDIOGRAPHY. Electrocardiographic changes 
are highly variable, generally nonspecific, and fre- 
quently unremarkable.*” * 37 56. 100, 108. 109 A Jeft axis 
deviation compatible with left anterior fascicular block 
(see Fig. 6-24) has been reported in 11 percent (Table 
28-2), 30 percent,” and 33 percent’ of cats with 
HCM. It has been detected in 3 percent to 6 percent 
of cats with hyperthyroidism!’ and is infrequently re- 
corded in other forms of myocardial disease. Other 
commonly recorded abnormalities include LA enlarge- 


FIGURE 28-8 


Phonocardiogram from a cat with hypertrophic cardiomyopathy. A 
simultaneous ECG is recorded above. There is a prominent atrial 
gallop rhythm (S,, fourth heart sound). This can often be detected 
by auscultation and its timing occurs just before the first heart 
sound (S,). A systolic heart murmur (arrow) is also present and 
begins after S,. The second heart sound (Ss) is labeled and systole 
is defined as the interval between S, and Ss; P, P wave; R, R wave; 
paper speed, 100 mm/sec. (Modified from Tilley LP, Liu SK, 
Gilbertson SR, et al. Primary myocardial disease in the cat: A 
model for human cardiomyopathy. Am J Pathol 87:493, 1977, with 
permission.) 


ment (P wave > 40 ms wide), LV enlargement (Ry > 
0.8 mV tall; QRS > 40 msec wide), and ventricular and 
supraventricular arrhythmias. Frequently occurring ar- 
rhythmias are listed in Tables 19-1 and 28-2. 


RADIOGRAPHY. Survey thoracic radiographs are neces- 
sary to determine the presence of cardiomegaly, evalu- 
ate pulmonary parenchymal and vascular changes, and 
assess patterns of cardiovascular alterations. The so- 
called “valentine-shaped”’ heart occurs infrequently 
with HCM and should not be relied upon for diagno- 
sis. The ventrodorsal or dorsoventral view is the most 
sensitive position to disclose auricular enlargement 
(Fig. 28-9; see Figs. 7-8 and 7-9), and care should be 
taken to align the spine and sternum to avoid posi- 
tional rotation. In symptomatic cats with pulmonary 
edema, the commonest radiographic changes include 
interstitial and/or alveolar pulmonary densities; pul- 
monary venous distention (congestion) with or with- 
out pulmonary arterial congestion (Figs. 28-10, 28-11; 
see also Figs. 7-8, 7-9, and 13-4); and occasionally, 
mild pleural effusion. Pulmonary edema may be dif- 
fuse, patchy, or focal in location and often involves the 
right caudal lung lobe (Fig. 28-11). Severe, diffuse 
edema is common with diastolic dysfunction (i.e., hy- 
pertrophic or restrictive cardiomyopathies) but rarely 
accompanies severe systolic failure (i.e., dilated cardio- 
myopathy). With chronic or advanced HCM, cardio- 
megaly may be generalized and accompanied by severe 
biventricular failure (e.g., pleural, pericardial, or ab- 


dominal effusion; hepatosplenomegaly; or pulmonary 
edema) 4-7, 35, 37, 56, 69, 100, 101, 106, 108 


ANGIOCARDIOGRAPHY. Although contrast radiography 
has been largely replaced by echocardiography for 
clinical diagnosis, nonselective angiocardiography may 
provide important morphologic information in some 
cases (Figs. 28-12, 28-13). Characteristic angiographic 
features of HCM include (1) LV free wall hypertrophy; 
(2) pronounced LV chamber reduction (which often 
appears slitlike in appearance); (3) extremely hyper- 
trophied papillary muscles; (4) moderate to severe 
LA and sometimes RA enlargement, (5) distended 
pulmonary veins; (6) normal to accelerated circula- 


tory transit time; and (7) ball thrombi in the LA or 
LV. 35, 69, 110-112 


ECHOCARDIOGRAPHY. Echocardiography is required 
for definitive diagnosis of cardiomyopathy. It is used 
to (1) verify and assess the severity of LV hypertrophy 
and cardiac chamber dimensions, (2) detect dynamic 
LV outflow tract obstruction, (3) evaluate myocardial 
function, (4) detect intracavitary ball thrombi or pre- 
thrombotic conditions (e.g., spontaneous echo con- 
trast formation) (Fig. 28-14), and (5) diagnose other 
cardiac conditions. Clinical diagnosis is based on echo- 
cardiographic identification of the most characteris- 
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TABLE 28-2 
Frequency of Selected Arrhythmias Recorded from Cats with Cardiomyopathy 
Hypertrophic Restrictive 
Cardiomyopathy (%) Cardiomyopathy (%) Myocardial Failure (%) 
(n = 46)* (n = 37)+ (n = 49) 

1° AV block 0 ri 37 
LAFB 10 7 2 
APCs 10 22 15 
PAT/Atrial fib 10 = 2 
VPCs 41 53 43 
VT 10 y 23 


*Unpublished data from cats in Fox PR, Liu SK, Maron BJ. Echocardiographic assessment of spontaneously occurring feline hypertrophic cardiomyopathy: An 
animal model of human disease. Circulation 92:2645, 1992. 

+From Fox PR. Unpublished data, 1998. 

}From Fox PR, Petrie JP, Liu SK, et al. Clinical and pathologic features of cardiomyopathy characterized by myocardial failure in 49 cats: 1990-1995; Abstract. 
J Vet Intern Med 11:139, 1997. Five cats had severe taurine depletion. 

LAFB, Left axis deviation compatible with left anterior fascicular block; APCs, atrial premature complexes; PAT, paroxysmal atrial tachycardia; Atrial fib, atrial 


~ 


fibrillation; VPCs, ventricular premature complexes; VT, ventricular tachycardia. 


FIGURE 28-9 


Correlative radiographic and 
necropsy anatomy of a cat that 
died of hypertrophic 
cardiomyopathy, (A) Thoracic 
radiograph, ventrodorsal view. 
(B) Jn situ heart, ventrodorsal 
view. Massive left auricular (LAu) 
enlargement and moderate right 
auricular (RAu) enlargement are 
evident. In this view the auricular 
appendages tend to extend out 
from other cardiovascular 
structures and thus, are more 
readily identified when they are 
enlarged. (C) Thoracic 
radiograph, right lateral view. 
(D) Explanted heart positioned 
to correlate with its right lateral 
radiographic orientation. The 
gross heart in this position shows 
marked RAu and LAu 
enlargement, but the auricles 
overlie and are radiographically 
superimposed over other 
cardiovascular structures. Thus, 
while cardiomegaly is evident 
from the lateral radiograph, the 
changes in the silhouette are not 
as striking as those in the 
ventrodorsal view. 
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tic morphologic expression of HCM—namely, unex- 
plained LV wall thickening with a nondilated LV cham- 
ber, in the absence of hyperthyroidism, hypertension, 
or aortic stenosis. To diagnose pathologic hypertrophy, 
the thickness of the ventricular septum or LV posterior 
(free) wall measured at end-diastole must be greater 
than 6 mm.” 

Hypertrophic cardiomyopathy is a heterogeneous 
disease. It is characterized by a broad range of pheno- 
typic patterns of LV hypertrophy ranging from local- 
ized and relatively mild wall thickening involving any 
one particular wall segment, to diffuse and pro- 
nounced hypertrophy of all portions of the left ventri- 


FIGURE 28-11 


Ventrodorsal radiograph of a cat with hypertrophic 
cardiomyopathy with acute dyspnea. Interstitial and alveolar 
pulmonary infiltrates are present in a “‘patchy”’ distribution. This is 
particularly prominent in the right caudal lung lobe. 


FIGURE 28-10 


Right lateral thoracic radiograph from a cat with 
hypertrophic cardiomyopathy. There is a severe, generalized 
interstitial and alveolar pattern compatible with pulmonary 
edema. 


cle (see Figs. 28-3, 28-5, 28-7, and 28-14).? 96. 910! 
No single pattern can be considered “classic” or char- 
acteristic of the disease. In a study assessing the distri- 
bution of LV hypertrophy in 46 cats with idiopathic 
HCM, four patterns of distribution of LV hypertrophy 
were identified.” Most often (31 cats), hypertrophy 
was diffuse and substantial, involving portions of the 
ventricular septum as well as the contiguous anterolat- 
eral and posterior free wall: (1) 15 of these 31 cats 
showed a concentric distribution of hypertrophy of all 
segments and (2) 16 of these 31 cats had involvement 
of the anterior portion of the septum as well as antero- 
lateral and posterior free wall (but not posterior sep- 
tum). Less often (the remaining 15 of the 46 cats), 
segmental patterns of hypertrophy (see Fig. 28-7) were 
seen: (3) in 13 of these 15, wall thickness was confined 
to only one LV segment (anterior septum in 12 and 
posterior free wall in 1 cat and (4) in 2 of the 15 cats, 
wall thickening involved noncontiguous segments of 
the left ventricle, ie., anterior septum or posterior free 
wall. When viewed from the longitudinal axis, 26 of 
the 46 cats showed greater wall thickening of the basal 
rather than apical portion of the left ventricle. Some 
had proximal septal thickening that protruded into 
the LV outflow tract. The other 20 cats had diffuse 
thickening involving the basal and apical left ventricle. 
Therefore, echocardiographic examination must in- 
corporate multiple imaging views to integrate findings. 
In this regard, segmental wall thickening may be well 
assessed from the right, parasternal, short-axis view by 
evaluating a studied, continuous base-to-apical sweep, 
particularly when integrated with information ob- 
tained from parasternal long-axis and other views. 
Additional echo findings include LA and often RA 
enlargement; decreased LV internal dimensions with 
hypertrophied papillary muscles; normal to elevated 
LV fractional shortening; mild hypertrophy of the RV 
wall and mild to moderate hypertrophy of the RV 


FIGURE 28-12 


Nonselective angiocardiogram of a cat with hypertrophic 
cardiomyopathy. This exposure was taken approximately six 
seconds after venous injection of radiocontrast dye. A large 
filling defect (arrows) caused by a ball thrombus is present 
within the enlarged left atrium. The left ventricular 
chamber is reduced and the left ventricular posterior wall is 
thickened. 


outflow tract; RV dilation (late in the disease course of 


some cases); and pericardial effusion. In cases of dy- 


namic LV outflow tract obstruction, there is SAM of 


the mitral apparatus and midsystolic aortic valve clo- 
sure; narrowed LV outflow tract; a fibrous plaque on 
the basal ventricular septum corresponding to the 
point of systolic anterior mitral valve contact; and 
thickening of the anterior mitral valve leaflet (see Fig. 
28-6). Chordae tendineae may be elongated and the 
mitral valve leaflets enlarged. 45:1485, 4: 2-7, 8, 100, 101 


DOPPLER ECHOCARDIOGRAPHY. A number of flow dis- 
turbances may occur. !* 29:80:54, 57,82, 9, 9 Mitral regurgita- 
tion is common. In 46 cats with HCM, mild to moder- 
ate mitral regurgitation was detected in 96 percent, 
regardless of whether the obstructive or nonobstruc- 


FIGURE 28-13 


Nonselective angiocardiogram of a cat with hypertrophic 
cardiomyopathy. The left atrium (LA) is dilated, the left 
ventricular chamber is small, and the papillary muscles (arrows) and 
walls of the left ventricle are thick. (From Fox PR. Myocardial 
diseases. In Ettinger SJ (ed): Textbook of Veterinary Internal 
Medicine. 3rd ed. Philadelphia, WB Saunders, 1989.) 
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tive form was present.” Tricuspid regurgitation is less 
common. Cats with SAM usually have eccentric mitral 
regurgitation jets (see Fig. 28-5). These are usually 
oriented toward the posterolateral wall and result from 
systolic disruption of the mitral valve apparatus. With 
dynamic LV outflow tract obstruction, the maximal LV 
outflow tract velocity is increased. Estimated subaortic 
gradients using the modified Bernoulli equation 
(chapter 8) range from 25 to 110 mmHg.” These LV 
outflow tract Doppler waveforms display a characteris- 
tic concave and asymmetrically shaped pattern (see 
Fig. 28-4) because they increase relatively slowly in 
early systole but then rise abruptly and peak in midsys- 
tole. In addition, increased RV outflow tract gradients 
may occur.” This may be more common when LV 
outflow tract gradients are present.” Mitral inflow 


FIGURE 28-14 


Two-dimensional echocardiogram (right parasternal long axis view) 
from a cat with dyspnea and pulmonary edema. The left atrium is 
severely enlarged and contains a ball thrombus attached to the 
posterior wall (arrow). Spontaneous echo contrast (‘‘smoke’’), 
appearing as echogenic (white) specks, are present in the left 
atrium. The left ventricle is diffusely hypertrophic and scant 
pericardial effusion is present. Two days after this examination the 
cat experienced an acute distal arterial embolism. 
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Doppler waveforms may be normal or show a relax- 
ation abnormality indicative of diastolic dysfunction 
(see Fig. 28-2).'+ 28 357 Occasionally, a mid to left 
ventricular gradient may be present. 


CLINICAL PATHOLOGY. Effusions, when present, are ob- 
structive transudate or modified transudate.'!!* Mild 
prerenal azotemia may result from anorexia and vom- 
iting, and anorectic cats usually have mild to moderate 
hypokalemia. These changes may be exacerbated by 
overzealous diuretic administration.*” !!3 Thromboem- 
bolism will cause elevations of serum muscle and he- 
patic enzymes and, occasionally, hyperkalemia. ^% 37- 108 
Hypersomatotropism has been reported in hypertro- 
phic cats, "* but its significance, if any, is uncertain. 


DIFFERENTIAL DIAGNOSIS 


Conditions that cause LV hypertrophy must be ex- 
cluded before idiopathic HCM can be diagnosed. 
Thus, the two most common differential diagnoses 
are hyperthyroidism and systemic hypertension. Rarely, 
valvular or subvalvular aortic stenosis is encountered. 
The combined presence of systemic hypertension 
(causing LV hypertrophy) and restrictive cardiomyopa- 
thy (causing LA enlargement) may cause morphologic 
changes resembling HCM. Because right-sided CHF 
may occur with HCM, noncardiac causes of pleural 
effusions must be considered. When severe pericardial 
effusion is present, pericardial diseases must be ruled 
out. 


NATURAL HISTORY AND PROGNOSIS 


A substantial proportion of HCM cats achieve adult- 
hood without clinical signs or appear to have a normal 
life expectancy, often without the aid of major thera- 
peutic interventions. Some cats will present with fulmi- 
nant congestive failure, become compensated with 
drug administration, and then remain asymptomatic; 
some of these individuals will have recurrent bouts of 
CHF and ultimately die, whereas a small percentage 
will remain asymptomatic, even after discontinuation 
of medicaments. In contrast, many cats with HCM 
will experience CHF, thromboembolism, and death. 
Morbidity and mortality differ in humans with familial 
HCM according to the mutations involved, but this 
has not been investigated in cats. 

A disease pattern of HCM has been reported in a 
highly interrelated colony of Maine coon cats with 
familial HCM. When individuals with phenotypic LV 
hypertrophy (“affected cats”) were mated to cats with- 
out hypertrophy (“unaffected cats”), HCM was not 
evident before 1 year of age; it usually became appar- 
ent during adolescence; and it usually progressed to 
severe disease by 2 to 4 years of age. In cats from 
affected to affected matings, HCM became apparent 


as early as 3 months of age and progressed to severe 
disease between 6 and 18 months of age.” 

Unfortunately, predicting the clinical course and 
outcome is difficult if not impossible owing to the wide 
variation in complexity of disease expression, particu- 
larly since heritable characteristics are unknown. No 
particular clinical finding has been shown to be reli- 
ably associated with subsequent sudden death or early 
recrudescence of CHF. Nevertheless, some survival 
characteristics have begun to emerge. In a series of 46 
cats with HCM in which 43 were followed for up to 49 
months,” nonsurvivors showed a significantly greater 
magnitude and extent of LV hypertrophy (maximum 
wall thickness, 8.1 + 1.5 mm) than survivors (7.3 
+ 0.9 mm); nonsurvivors had significantly larger LA 
dimensions (20.1 + 4.6 mm) compared with survivors 
(16.8 + 3.4 mm). In addition, SAM was more common 
in survivors (16 of 18 cats [89 percent]) than nonsurvi- 
vors (10 of 21 cats [48 percent]), suggesting that the 
nonobstructive form of feline HCM without SAM had 
a more unfavorable prognosis. 

In another series of 61 HCM cats for which follow- 
up evaluation was possible,” median survival time was 
732 days. Longevity was not affected by age, breed, 
gender, or body weight, but the presence or absence 
of clinical signs did have an impact upon survival. 
For example, cats without clinical signs lived longer 
(median survival > 1830 days) than those with clinical 
signs (cats in heart failure survived a median of 92 
days, and cats with arterial embolism survived a me- 
dian of 61 days). At 6 months after diagnosis, all cats 
with embolism and 60 percent of cats with heart failure 
were dead. Cats with heart rates of less than 200 beats/ 
min at initial examination survived significantly longer 
than those with heart rates over 200 beats/min. How- 
ever, since the minimal, maximal, and mean heart 
rates evaluated by 24-hour continuous ECG monitor- 
ing vary considerably in normal cats and in cats with 
CHF," the clinical relevance of presenting heart rate 
remains uncertain. In a series of 15 HCM cats that had 
CHF, a mean survival time of 1147 days was recorded, 
although treatments varied and no controls were in- 
cluded.'°° 

Diminished clinical response to diuretics is a com- 
mon factor confounding treatment of CHF in peo- 
ple.''® Failure to achieve diuresis may contribute to 
greater risk of death in CHF,'"’ perhaps due to inability 
to reduce cardiac preload, which leads to preservation 
of altered hemodynamics, abnormal neurohormonal 
activation, and increased mortality. An attenuated re- 
sponse to diuretics (i.e., slow or partial clearance of 
edema despite vigorous IV furosemide) is also associ- 
ated with poor prognosis in cats. 


DOES EARLY THERAPY DELAY OR REVERSE 
PROGRESSION OF MYOCARDIAL DISEASE? 


The clinical course and outcome of feline myocar- 
dial disease are difficult to predict owing to the hetero- 


geneity of each condition, the complexity of disease 
expression, and the wide variation in natural history. 
Certainly, diuretics are not indicated in asymptomatic 
cats who have never had CHF. Diuretics may activate 
the renin-angiotensin-aldosterone system, which can 
be potentially detrimental.''* There is no evidence 
that standard therapies can influence the powerful 
biologic mechanisms that dictate morphologic hyper- 
trophy.*** However, it is unclear whether B-adrenergic 
blockers, calcium channel blockers, or angiotensin- 
converting enzyme (ACE) inhibitors delay disease pro- 
gression, protect against sudden death, or improve 
prognosis in asymptomatic cases. There is currently no 
consensus among cardiologists regarding therapeutic 
approaches. However, several treatment strategies, as 
suggested next, may be justified based upon theoretical 
benefits and comparative studies in human cardiology 
or animal models of disease. 


THERAPIES IN ASYMPTOMATIC BUT 
POTENTIALLY HIGH-RISK PATIENTS 


No single test can reliably predict morbidity or mor- 
tality in HCM, and the complexity of the disease has 
created obstacles for risk identification and stratifica- 
tion. Nevertheless, several important features of HCM 
may increase risks of morbidity and mortality. Accord- 
ingly, prophylactic therapy may be warranted in these 
circumstances, based upon certain pathophysiologic 
considerations. 


MYOCARDIAL INFARCTION. Myocardial infarction (MI), 
particularly involving the LV apex or free wall (see 
Figs. 36-14 and 36-15), is more prevalent in feline 
cardiomyopathies than once believed. Clinical suspi- 
cion of MI is based upon echocardiographic evidence 
of regional left ventricular hypokinesis or dyskinesis, 
LV free wall thinning (end-diastolic measurement < 2 
mm), or ECG evidence of marked (> 0.2 mV) ST 
segment elevation or depression. In cats and humans 
with HCM, myocardial infarction causes significant 
morbidity and may be related to intramural arterioscle- 


rosis,?+?6. 67 6 Myocardial ischemia is commonly associ- 
ated with MI and myocardial fibrosis in humans with 
HCM**. 7 $9. 103. 104 and presumably also in cats, based 


upon similar histopathologic lesions.” 2! +6 39. 67. 105 
Ischemia is also strongly associated with severe and 
potentially lethal arrhythmias." 


B-ADRENERGIC BLOCKER THERAPY. Results from clinical 
trials evaluating myocardial infarction therapies in hu- 
mans offer compelling evidence for use of B-blockers. 
These agents decreased mortality in patients with acute 
MI and cardiac arrhythmias.''* '*° In patients with 
chronic MI, -blockers reduced long-term mortality 
by their antiarrhythmic effects and by prevention of 
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reinfarction, particularly when decreased contractility 
and ventricular arrhythmias were present. !?! !?? Even at 
low doses, B-blockers provided effective post-MI ther- 
apy.'* Moreover, left ventricular diastolic function is 
very sensitive to increases in sympathetic tone.'** Thus, 
use of sympathetic nervous system antagonists may 
indirectly improve ventricular compliance by reducing 
heart rate and myocardial ischemia. In cats with sus- 
pected ischemic myocardial injury, propranolol (Inde- 
ral, Wyeth-Ayerst; 2.5 to 5 mg q8-12h PO) or atenolol 
(Tenormin, Zeneca; 6.25 to 12.5 mg q12-24h PO) can 
be administered. Although these agents are generally 
safe, B-blockers may occasionally cause bradycardia, 
hypotension, or lethargy. Echocardiography can be 
useful to monitor cardiac chamber dimensions, assess 
LV remodeling," and, in cases in which myocardial 
failure is related to severe MI, follow contractility since 
B-blockers are negative inotropes. 


ANGIOTENSIN-CONVERTING ENZYME INHIBITOR THERAPY. ACE 
inhibitors have been advocated in human post-MI trials 
based upon their role in reducing cardiovascular re- 
modeling and improving hemodynamics and sur- 
vival." There is clear evidence in people that ACE 
inhibitors decrease mortality in acute MI,’ and that 
chronic therapy reduces ischemic events.'*! Enalapril 
(Enacard, Merial Ltd.; 0.5 mg/kg q24h PO) is probably 
the most commonly used ACE inhibitor in cats. Other 
agents are available, including benazepril (Lotensin, 
Ciba; 0.5 mg/kg q24h PO); lisinopril (Prinovil, Merial 
Ltd.; 0.25 to 0.5 mg/kg q24h PO); and captopril (Ca- 
poten, Bristol-Myers Squibb; 3.12 to 6.25 ing q6-8h 
PO). ACE inhibitors reduce blood pressure and may 
be contraindicated with hypotension. Overzealous con- 
comitant diuretic therapy may cause azotemia. 


CALCIUM CHANNEL BLOCKER THERAPY. Based upon extrap- 
olation from human studies, one should exercise cau- 
tion when considering these agents in cats with MI. 
Calcium channel blockers have not been efficacious 
(i.e., no reduction of subsequent cardiovascular 
events) with MI in people.’ '* Furthermore, diltiazem 
and other calcium-blocking agents caused harm when 
administered to humans with MI and left ventricular 
dysfunction," possibly by activating the neuroendo- 
crine system.'*? Accordingly, calcium antagonists are 
not currently recommended for routine secondary 
prevention after infarction.'* Others have advocated 
that heart rate—lowering calcium antagonists (€.g., ver- 
apamil, diltiazem) be reserved for humans with MI but 
without CHF, in whom a B-blocker is contraindicated, 
or in conjunction with an ACE inhibitor.'*? Whether 
or not these data are relevant to treatment strategies 
for feline myocardial diseases remains to be deter- 
mined. 


TACHYARRHYTHMIAS. The genesis of atrial tachyar- 
rhythmias includes electrophysiologic abnormalities as- 
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sociated with marked LA enlargement and concurrent 
derangements in atrial cell structure.'® In addition, 
myocardial necrosis, fibrosis, and scar are common 
features of feline myocardial disease® ?!: 22. 24-26. 67, 99, 141 
and may serve as substrates for serious ventricular ar- 
rhythmia.'*? Tachycardia diminishes systolic and dia- 
stolic function,” reduces diastolic filling that can in- 
crease outflow gradients and reduce forward cardiac 
output, 4 and can result in excessive myocardial oxy- 
gen utilization and ischemia.”! Ventricular hypertrophy 
is associated with increased risk of sudden death in 
people (mechanisms include depressed resting mem- 
brane potential, increased excitability threshold, inter- 
stitial fibrosis, and abnormal intracellular calcium 
handling). In some cases tachycardia precipitates 
weakness or syncope. Beta-adrenergic blockers (pro- 
pranolol, 5 to 10 mg q8-12h PO; atenolol, 6.25 to 12.5 
mg ql2~24h PO) antagonize the sympathetic nervous 
system and may therefore be useful for treating parox- 
ysmal ventricular tachycardia or frequent multiform 
ventricular arrhythmias. Digoxin (0.031 mg [i.e., ⁄4 of 
a 0,125-mg tablet] per 4.5-kg cat q48h PO) or diltiazem 
may be administered for atrial tachyarrhythmias. How- 
ever, heart rate control often requires the addition of 
a B-blocker, beginning with half of the initial dose, 
which is then titrated to effect. 


MASSIVE LEFT VENTRICULAR HYPERTROPHY. Although 
the severity of hypertrophy is not a recognized risk 
factor for sudden death in humans with HCM,” 14145 
severe LV hypertrophy in cats may be associated with 
an unfavorable prognosis.” *® Marked hypertrophy is 
present when the maximal LV free wall or interventric- 
ular septal thickness measured at end-diastole exceeds 
8 mm. Accordingly, a number of drugs have been used 
as monotherapy in severely affected cats, but clinical 
benefit and comparative efficacy have not been estab- 
lished. Beta-blockers are often chosen for the following 
reasons:™: 8 116-149 (1) heart rate control (negative chro- 
notropism) and associated indirect improvement of 
diastolic filling; (2) reduction of dynamic LV outflow 
tract obstruction; (3) reduction in myocardial oxygen 
utilization; (4) antiarrhythmic effects; or (5) ability 
to blunt sympathetic myocardial stimulation. Clinical 
reduction of resting heart rate to 120 to 160 beats/ 
min is usually attainable with atenolol (6.25 to 12.5 mg 
q12-24h PO) or propranolol (5 to 10 mg q8 to 12h 
PO) for an average sized (4.5-kg) cat. Calcium channel 
blockers, most commonly verapamil, are often selected 
to improve LV relaxation and, therefore, diastolic fill- 
ing, in human HCM.'™® >! However, verapamil is rarely 
used in cats. Diltiazem is the safest and most frequently 
selected calcium antagonist in HCM cats. Rationale 
for use is based upon its actions promoting positive 
lusitropy, that is, to directly improve ventricular dia- 
stolic relaxation and filling.'* ** °” Diltiazem may slow 
the heart rate in some cats but not in others, and heart 


rate reduction is much weaker than that resulting from 
B-blocker therapy. Several preparations of diltiazem 
are available: Cardizem tablets (Hoechst Marion Rous- 
sel), 7.5 mg q8-12h; Cardizem CD capsules, a long- 
acting formulation (Hoechst Marion Roussel), 10 mg/ 
kg q24h; and extended release diltiazem (Dilacor XR, 
Rhone-Poulenc Rorer; each Dilacor XR 240-mg cap- 
sule contains four controlled-released 60-mg tablets, 
and the starting dosage is 30 mg q12-24h [some cats 
may tolerate 60 mg once to twice daily, although vom- 
iting is a common side effect]). ACE inhibitors blunt 
neuroendocrine activation and may prevent deleteri- 
ous cardiovascular remodeling. The merits of ACE in- 
hibitors for treating feline HCM have a scientific 
basis,!4” 152-18 and ACE inhibitors have been used safely 
in the clinical setting." Enalapril (0.25 to 0.5 mg/kg 
24h PO) and benazepril (0.5 mg/kg q24h PO) are 
well tolerated. 


SYNCOPE. Recurrent syncope is a risk factor for sud- 
den death in humans with HCM!'*!5 and can be 
associated with tachyarrhythmias and bradyarrhyth- 
mias,'*® dynamic LV outflow obstruction,'® altered bar- 
oreflexes,’®' and ischemia.” Moreover, syncope is usu- 
ally distressing to owners of pets. In cats, syncope is 
most often clinically associated with physical activity or 
exertion and obstructive HCM. Exertional syncope in 
human HCM has been reported most often with the 
obstructive form.” Symptoms in humans have often 
been managed with negative inotropes (f-blockers, cal- 
cium antagonists [predominantly verapamil], and diso- 
pyramide) to alleviate or abolish dynamic LV outflow 
tract obstruction.™ 74 75-148 Tn cats, there is little experi- 
ence with verapamil, and disopyramide has not been 
studied. Beta-blockers are much more effective than 
diltiazem in reducing or abolishing dynamic LV out- 
flow tract obstruction, associated pressure gradient, 
and syncope. 


SPONTANEOUS ECHO CONTRAST (“SMOKE”) AND STASIS. An 
echo phenomenon called spontaneous echo contrast is 
frequently observed in the LA or LV of cardiomyo- 
pathic cats and humans with certain cardiovascular 
diseases. Spontaneous echo contrast is associated with 
LA blood stasis. It is considered to presage thrombosis 
and is associated with increased thromboembolic risk 
(see Fig. 28-14).!6%-16 The mechanism of spontaneous 
echo contrast has been attributed to erythrocyte aggre- 
gation at a low shear rate’ ' or platelet aggre- 
gates.'°” 16 Multiple interrelated factors may be in- 
volved in thrombogenesis, including blood stasis. 
Blood stasis within areas of ventricular akinesis or 
dyskinesis may provide a mechanism by which thrombi 
form.'® Moreover, reduced LV contractility could pre- 
cipitate left atrial blood stasis.’ Concomitant mitral 
regurgitation (MR) has been associated with systemic 
platelet activation (presumably due to exposure to an 


abnormal valvular surface or hemodynamic irregular- 
ity), although severe MR may play a protective role 
in LV thrombus formation.'” Given the many patho- 
logic and hemodynamic derangements common to fe- 
line and human heart disease, spontaneous echo con- 
trast and stasis should be considered a clinical marker 
for incipient thromboembolism and invoke a more 
aggressive therapeutic strategy (see Arterial Thrombo- 
embolism, later). 


“MALIGNANT” FAMILY HISTORY (HIGH-RISK GENOTYPE). 
Pedigrees are occasionally identified in which a herita- 
ble pattern of HCM with severe morbidity and mortal- 
ity is documented. For example, LV hypertrophy, heart 
failure, thromboembolism, and death have been re- 
ported in multiple generations of Maine coon cats,” 4 
and other examples of familial transmission have been 
documented.*' Thus, in related offspring, echocardio- 
graphic surveillance is warranted to evaluate disease 
progression, direct therapy, and assist prognosis. In 
such animals, early intervention with calcium channel 
blockers or B-adrenergic receptor blockers may be con- 
templated. Though unproved, this strategy is based 
on experimental and theoretical considerations which 
hold that a pathway to the phenotypic expression of 
LV hypertrophy is influenced by triggers such as higher 
LV pressure and workload,’ '”* conditions that might 
be ameliorated by certain pharmacotherapies. Im- 
plantable cardioverter-defibrillators have prevented 
sudden death in some human HCM patients. These 
have not been evaluated in felines. 


MYOCARDIAL FAILURE. In some HCM cats, LV contrac- 
tility is mildly to moderately reduced (e.g., fractional 
shortening, 23 percent to 29 percent; LV end-systolic 
dimension, 12 to 15 mm). This can result from acute 
or chronic myocardial infarction, particularly involving 
the LV posterior wall. Global LV failure has been ob- 
served, with diffuse LV necrosis and fibrosis. Occasion- 
ally, HCM progresses to a stage of chamber dilatation 
and systolic dysfunction resembling dilated cardiomy- 
opathy. This is usually associated with refractory heart 
failure and poor prognosis. Oral taurine supplementa- 
tion (250 mg ql2-24h) is initiated whenever myocar- 
dial failure is detected, even if blood taurine cannot 
be immediately assessed (see discussion under treat- 
ment for systolic [myocardial] failure, later). An ACE 
inhibitor may be added for its beneficial effect to 
counteract neurohormonal activation and reduce dele- 
terious remodeling. Digoxin may be administered 
(0.03 mg q48h) if contractility deteriorates, or if supra- 
ventricular tachyarrhythmias (particularly atrial tachy- 
cardia or atrial fibrillation) develop. Beta-blocker ther- 
apy might be beneficial if MI is suspected, or if a 
tachyarrhythmia warrants control of ventricular heart 
rate despite other therapies. Beta-blockers may also 
restore or “upregulate” B-adrenergic receptor num- 
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bers and sensitivity, protect myocytes from excess cate- 
cholamine levels, and blunt neuroendocrine activa- 
tion. "= One must be mindful of their potential 
negative chronotropic and inotropic effects, however. 
Therefore, a low starting dose of propranolol (2.5 mg 
ql2h PO) or atenolol (3.15 mg q24h) may be initiated, 
followed by re-examination of heart rate by ECG and 
myocardial contractility by echocardiography. 


TREATMENT OF SYMPTOMATIC CATS 


CAUSES OF CARDIOVASCULAR EMERGENCIES. Most com- 
monly, emergencies include left-sided heart failure 
(pulmonary edema), biventricular failure (pulmonary 
edema and effusions), or arterial thromboembolism; 
less commonly, tachyarrhythmias, syncope, pericardial 
tamponade, or systemic venous congestion (effusions) 
results. Renal and electrolyte abnormalities may be 
present. 


EMERGENCY TREATMENT GOALS. Therapy for acute car- 
diovascular emergencies should (1) eliminate conges- 
tion (edema, effusions) and associated clinical signs; 
(2) suppress or abolish serious tachyarrhythmias; (3) 
improve ventricular relaxation and filling (diastolic 
function); (4) manage arterial thromboembolism and 
its consequences; and (5) eliminate syncope or exer- 
cise intolerance associated with dynamic LV outflow 
tract obstruction or tachyarrhythmia. In the severely 
dyspneic cat, care must always be taken to avoid stress. 


Initial Therapy (First 24 to 48 Hours) 


TREATMENT OF ACUTE PULMONARY EDEMA. Acute pulmo- 
nary edema is rapidly progressive and life threatening. 
Diuretics decrease preload and, thus, congestion. Ac- 
cordingly, furosemide is administered (1.1 to 2.2 mg/ 
kg PRN, usually q2-6h) and is individually adjusted to 
resolve dyspnea quickly. Peak diuresis occurs within 30 
minutes of IV administration. Therefore, the first dose 
or two ideally should be administered by the intrave- 
nous route, followed by intramuscular injections until 
the pet is stable. These parenteral routes have superior 
bioavailability compared with oral administration. Fu- 
rosemide inhibits renal tubular reabsorption of sodium 
and its accompanying anions and promotes diuresis. 
This reduces vascular volume, which decreases LV fill- 
ing pressures (i.e., cardiac preload) and pulmonary 
edema. 

Resolution of severe pulmonary edema may be en- 
hanced by adding the preload reducer 2 percent nitro- 
glycerin ointment (Nitro-Bid Ointment, Hoechst Mar- 
ion Roussel; “4 to 4% inch q6-8h cutaneously to the 
inside of the pinna) for the first 24 to 48 hours. Provid- 
ing a 12-hour dose-free interval may reduce develop- 
ment of tolerance. Supplemental oxygen (40 percent 
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to 60 percent oxygen-enriched inspired gas) may be 
beneficial to improve pulmonary gas exchange. 

Clinical improvement is indicated by the reduced 
respiratory rate and work of breathing, resolved auscul- 
tatory lung crackles, and clearing of alveolar infiltrates 
shown by radiography. The end-point of diuretic ther- 
apy is relief of clinical signs or progressive increase 
in blood urea nitrogen (BUN) and creatinine levels. 
Improvements in breathing should become noticeable 
within 2 to 6 hours after beginning furosemide, and 
continue. Clearing of pulmonary infiltrates (edema), 
as shown by radiography, is usually completed within 
24 to 36 hours.* *’ Cardiac responses to diuresis in- 
clude decreased LA diameter and reduced Doppler 
echo transmitral E wave velocity." 17° 

Respiratory distress due to severe pleural effusion 
requires thoracocentesis. Pulmonary edema and pleu- 
ral effusion often coexist, although pleural fluid ham- 
pers radiographic detection of edema. Dehydration 
and hypokalemia can result from overzealous diuresis, 
especially in the anorectic cat.!"™ 


Chronic Maintenance Therapy 


Chronic therapies are optimized to maintain cardiac 
compensation; prevent arterial thromboembolism; 
halt, slow, or reverse myocardial dysfunction (theoreti- 
cally); promote enhanced quality of life; and prolong 
survival. Underlying conditions and risk factors (e.g., 
arterial hypertension, taurine-deficient diets, hyperthy- 
roidism, anemia) are treated when identified. 


DIURETICS. The goal of diuretic therapy is to amelio- 
rate congestive signs, As soon as congestion is reduced 
and breathing improves, furosemide is changed from 
IV or IM to PO administration (typically, 6.25 mg 
ql2-24h PO). This is then gradually decreased to the 
lowest effective dosage, which is highly individualized. 
Some cats remain stable on 1.1 to 2.2 mg/kg PO given 
every other day whereas in others, diuretics may be 
largely unnecessary and can be safely discontinued. 
In some cases, diuretics can be titrated expediently 
(typically by 1 to 2 mg/kg) to control dyspnea associ- 
ated with recurrent pulmonary congestion or pleural 
effusion, thereby preventing hospitalizations. Compen- 
satory hypertrophy of the distal nephron occurs in 
response to chronic loop diuretic therapy. Distal so- 
dium resorption increases to overcome the intended 
clinical response to furosemide.' As a result, di- 
uretic resistance may occur as heart failure progresses, 
despite high doses of furosemide.'”* Cats with ad- 
vanced, chronic CHF presenting for acute exacerba- 
tions of congestion are likely to benefit from intrave- 
nous furosemide, which has higher bioavailability, or 
from combining two diuretics, such as a loop diuretic 
(furosemide) and a thiazide (see Recurrent and Re- 
fractory Congestive Heart Failure, later). It is always 


prudent to assess BUN, creatinine, and electrolytes in 
anorectic or decompensated cats receiving diuretics.''** 


PHARMACOLOGIC OPTIONS AND APPROACHES TO CHRONIC 
MANAGEMENT. Whereas diuretics represent the tradi- 
tional component of chronic heart failure manage- 
ment, other agents are selected to reduce diastolic 
dysfunction or its sequela. Beta-adrenergic receptor 
blockers have represented the traditional approach to 
improve cardiac performance since 1977.47: 34 35. 177, 178 
The calcium channel blocking drug diltiazem first 
gained advocacy as a therapeutic strategy in 1991. 
57,179 More recently, ACE inhibitors have been pro- 
posed as a third pharmacologic option.'** '*° Although 
most clinicians tend to favor B-adrenergic blockers 
when tachycardia or dynamic LV outflow tract obstruc- 
tion is present, there is a lack of consensus. Moreover, 
there are no data to indicate which is the optimal 
therapy for chronic management, whether combined 
therapy is more advantageous than monotherapy, or 
for that matter, whether therapy is significantly better 
than no therapy at all. Drugs are therefore adminis- 
tered on an empirical basis, relying on clinical experi- 
ences, preferences, and theoretical benefits. Accord- 
ingly, advantages and disadvantages for each 
therapeutic approach are discussed here. 


BETA-ADRENERGIC BLOCKERS. The relationships between 
sympathetic nervous system activation and deleterious 
cardiovascular effects have been demonstrated in a 
number of human and animal models of cardiovascu- 
lar disease, and these relationships provide a rationale 
for using B-adrenergic blocker therapy.'** !81-19%2 Pro- 
longed activation of the sympathetic nervous system 
may lead to cardiovascular injury that exacerbates dis- 
ease progression," 4 causes arrhythmias,'” or stimu- 
lates vasoconstriction and secondary tissue anoxia.'” 
Moreover, sustained vasoconstriction, elevated ventric- 
ular afterload, and a number of additional mechanisms 
contribute to abnormal cardiovascular remodeling and 
progression to congestive heart failure.’*" 19% 194 Left 
ventricular diastolic function is very sensitive to in- 
creases in sympathetic tone. By decreasing heart 
rate, B-blockers prolong diastole and thereby increase 
passive ventricular filling and ventricular compliance. 
Prolonged diastolic filling allows more time for coro- 
nary blood flow and reduces myocardial ischemia.'**"*" 
In patients with heart failure, nonselective B-blockade 
may have favorable inhibitory effects on cardiac sympa- 
thetic activity.'*” These agents decrease myocardial oxy- 
gen requirements by reducing cardiac sympathetic 
stimulation, heart rate, left ventricular contractility, sys- 
tolic myocardial wall stress, and systemic blood 
pressure.'*°. 1% Dynamic LV outflow tract obstruction 
and related pressure gradient are often reduced or 
abolished.” '® In addition, B-blocker therapy has de- 
creased mortality in human clinical studies of myocar- 


dial infarction and cardiac arrhythmias,'** ! and even 


at low doses, provided effective postmyocardial in- 
farction therapy.” Beta-blockers also reduced all-cause 
mortality in humans with CHF.'® 

Propranolol and atenolol are the most commonly 
used B-blocking agents in cats. Propranolol (5 to 10 
mg q8-12h PO) has been recommended for more 
than 25 years.+7 34 3. 177. 178 Tt improves clinical signs, 
reduces heart rate, decreases the severity of dynamic 
LV outflow tract obstruction, and is safe.'7* 18° A disad- 
vantage is its need for frequent (tid) dosing because 
of its short halflife (t,., 0.49 hour).!*! Moreover, pro- 
pranolol has poor and variable oral bioavailability ow- 
ing to extensive first-pass hepatic metabolism.'* Re- 
cently, atenolol has become popular. It has high oral 
bioavailability (90 + 9 percent), resulting in small 
interindividual kinetic variability; its 4,2 is 3.66 + 0.39 
hours, and the heart rate attenuation following oral 
administration persists for at least 12 hours in normal 
cats.'®5 Atenolol is dosed at 6.25 to 12.5 mg q12-24h 
PO. Adverse reactions to B-blockers are uncommon. 
Occasionally, lethargy or hypotension will occur, typi- 
cally manifesting within an hour of initial oral adminis- 
tration. These effects quickly abate when the agent is 
discontinued.® ® '*° 

Despite these data, a number of important issues 
surrounding B-blocker therapy require clarification. 
The comparative advantages of B-blockers relative to 
morbidity and survival, when used to treat diastolic 
dysfunction, have yet to be validated by a large clinical 
trial. Furthermore, it is unknown whether the potential 
benefits of B-blockers vary with respect to stage of 
disease both within and between forms of cardiomyop- 
athy, and clinical evaluations comparing various B- 
blockers have not been performed. 


CALCIUM CHANNEL BLOCKERS. Since the dominant patho- 
physiologic abnormality in HCM is diastolic dysfunc- 
tion, a rationale for using drugs that improve diastolic 
performance is selfevident.’* 7 30, 36.59 Calcium chan- 
nel blockers exert cardiovascular effects that differ 
markedly among individual agents.'***” Although clini- 
cal improvements have been reported after calcium 
antagonist therapy in some humans with HCM, most 
patients have been treated with verapamil,” 74 148, 197-200 
a drug used only rarely in cats.** ' In general, calcium 
antagonists may reduce heart rate (verapamil much 
more so than diltiazem) and blood pressure, exert a 
mild, negative inotropic effect (reducing myocardial 
oxygen consumption), and improve rapid diastolic 
ventricular filling.’ 5 19 b, 197200 Verapamil improves 
cardiac symptoms and exercise capacity in many hu- 
man patients with HCM.'” This effect may be associ- 
ated with a decrease in systolic function, improvement 
in diastolic relaxation and filling, and probably a re- 
duction of myocardial ischemia.'%* 198-20 Diltiazem has 
been studied in humans with HCM and appears to 
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improve LV diastolic function,?”**°!* although it is gen- 
erally judged to be less efficacious than verapamil in 
cases of LV outflow obstruction,” 75. 143. 208 

In cats with HCM and pulmonary edema, one study 
compared the clinical effects of propranolol versus 
diltiazem in a small number of animals. The treatment 
group receiving diltiazem and furosemide (12 cats) 
realized improvements in pulmonary congestion, LV 
relaxation, and LV filling, although too few patients 
(5) were allocated to the propranolol group to make 
comparative assessment meaningful.” Regression of 
LV wall thickness was also reported to be a common 
treatment sequela of diltiazem therapy in this study, 
but such a phenomenon is regarded to occur only 
rarely. 

The reported 4,. of conventional diltiazem (Cardi- 
zem, 1 mg/kg PO tid) in healthy cats was 113 + 24 
minutes; peak concentration following oral administra- 
tion was achieved in 45 + 36 minutes; and bioavailabil- 
ity was 50 percent to 80 percent. Clinically, this drug 
is dosed at 7.5 mg tid PO. A slow-absorption, long- 
acting diltiazem formulation (Cardizem CD, 10 mg/ 
kg q24h) had a reported f, of 411 + 59 minutes; 
peak concentration following oral administration was 
achieved in 340 + 140 minutes; and bioavailability was 
22 percent to 59 percent. A disadvantage of the CD 
preparation is that it is currently available only in 
capsules, thus requiring formulation for dispensing. A 
third formulation (Dilacor XR) is available in ex- 
tended release; each 240-mg capsule contains four con- 
trolled-release 60-mg tablets. Starting dose for a 5-kg 
cat is 30 mg q24h, and titration to 60 mg daily is 
tolerated in some cats. 

Because myocardial infarction (MI) is a relatively 
common finding at necropsy in cats with myocardial 
diseases,'° clinical experiences in the management of 
myocardial infarction in humans may be relevant. The 
use of calcium channel antagonists in post-MJ human 
patients with LV dysfunction was not associated with a 
clinical improvement (i.e., reduction of subsequent 
cardiovascular events).?°* Other studies, however, 
showed a higher adverse cardiac event rate when cal- 
cium channel blockers were used.” Moreover, it is 
currently recommended that, for humans with myocar- 
dial infarction, heart rate—lowering calcium antagonists 
(e.g., verapamil, diltiazem) be reserved for patients 
without CHF in whom a B-blocker is contraindicated 
or in conjunction with an ACE inhibitor.?” In fact, use 
of some calcium channel blockers in patients with left 
ventricular dysfunction was associated with increased 
risk of fatal or nonfatal MI,'** possibly by activating the 
neuroendocrine system.” Thus, calcium antagonists 
are not currently recommended for routine secondary 
prevention after infarction.” Whether or not these 
data are relevant to treatment strategies for feline myo- 
cardial diseases remains to be determined. 
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ANGIOTENSIN-CONVERTING ENZYME INHIBITORS, Because 
neurohormonal activation plays an important role in 
heart failure,” disruption of neurohormonal activa- 
tion should provide a therapeutic rationale for using 
ACE inhibitors.” *!° Clinical benefits, including relief 
of dyspnea, improvement in LV function, prevention 
of progressive ventricular dilation, and improved sur- 
vival, have in fact been documented in humans with 
symptomatic heart failure or asymptomatic LV dysfunc- 
tion following pharmacologic blockade of the renin- 
angiotensin-aldosterone system (RAAS).?!°?!8 Survival 
and quality of life were also improved in dogs with 
heart failure who were treated with enalapril.?!* %15 
ACE inhibitors favorably alter hemodynamics in some 
humans with systolic dysfunction and reduce preload, 
afterload, and systolic wall stress, thereby increasing 
cardiac output without elevating heart rate.?!®?!8 

The rationale for ACE inhibitor therapy in the treat- 
ment of HCM can be argued based upon the salutary 
effects of these drugs on a number of cardiovascular 
factors. Pathologic features of HCM are related to 
systolic and/or diastolic dysfunction associated with LV 
hypertrophy and derangements of myocardial extracel- 
lular matrix.'*: 25 26, 56, 55, 67, 219-221 The RAAS plays a 
prominent role in human HCM patients by influenc- 
ing or regulating the expression of myocardial hyper- 
trophy.” Furthermore, there is some evidence that 
the RAAS is activated in cats with HCM.”* Inhibition 
of the RAAS has a beneficial effect on extracellular 
remodeling in heart failure,’ and ACE inhibitors re- 
duce ventricular remodeling by blocking the tropic 
effects of angiotensin II on myocytes.?*4 ? Moreover, 
ACE inhibitors may improve LV diastolic function in 
hypertensive LV hypertrophy” and improve coronary 
hemodynamics.” Given the clear survival benefit pro- 
vided by early use of ACE inhibitors in acute human 
MI,” background therapy with ACE inhibitors theo- 
retically might confer beneficial effects in similar cir- 
cumstances. Recently, ACE inhibitors have been used 
to treat HCM in humans?” and cats.!*® However, other 
investigators have highlighted the importance of the 
cardiac RAAS in development of LV diastolic dysfunc- 
tion, LV subaortic obstruction, and decreased coronary 
flow reserves in human HCM patients. Selective inhibi- 
tion of cardiac RAAS with ACE inhibitors or with an- 
giotensin II receptor blockers might therefore lead to 
more favorable clinical outcomes.?”? This strategy has 
not been tested in cats. 

Many clinicians add an ACE inhibitor (usually enala- 
pril) to furosemide, combined with B-blocker or cal- 
cium channel blocker therapy, if right-sided heart fail- 
ure is present, if pulmonary edema recurs, or if 
progressive atrial enlargement is detected. In a retro- 
spective study without controls, enalapril added to 
standard therapies in 19 HCM cats resulted in a small 
but statistically significant reduction in LA dimension 
and interventricular septum and LV wall end-diastolic 


thickness.'*° Less commonly, an ACE inhibitor is used 
with or without furosemide as primary therapy for 
HCM. Enalapril (0.25 to 0.5 mg/kg q24h PO) and 
benazepril (0.25 to 0.5 mg/kg q24h PO) are clinically 
well tolerated,'>® !80. 25° 231 although data are limited 
concerning use of these agents in cats. After oral ad- 
ministration of enalapril dosed at 0.25 and 0.5 mg/kg, 
a 95 percent reduction in ACE occurred between 2 
and 4 hours after either dose, and it remained de- 
pressed to less than 50 percent of control for 2 to 3 
days.” After single doses of benazepril (0.5 mg/kg), 
peak plasma benazeprilat levels were achieved 2 hours 
after oral administration, and over 90 percent of 
plasma ACE inhibition persisted at 24 hours.” 

A number of clinically important aspects of ACE 
inhibitor therapy in feline HCM remain to be deter- 
mined, including the optimal timing for ACE inhibitor 
administration, the most effective dosage, and the ef- 
fects of these agents on morbidity and mortality. More- 
over, individuals who could optimally benefit from 
ACE inhibitor therapy have not been identified. For 
example, in one human cooperative heart failure trial, 
the most beneficial response to ACE inhibition oc- 
curred in patients with the most neurohumeral activa- 
tion.?* It has not been determined which ACE inhibi- 
tors best exert selective cardiac RAAS blockade at doses 
that do not affect cardiac loading conditions. Enalapril 
has low affinity for cardiac tissue ACE, whereas benaze- 
pril and others have higher affinity, but the clinical 
importance of this is unknown. ACE inhibitors reduce 
blood pressure, which theoretically could be deleteri- 
ous in HCM cats with severe LV outflow tract obstruc- 
tions or syncope, although such untoward effects have 
not been reported. 


REDUCTION/ELIMINATION OF LV OUTFLOW TRACT GRADI- 
ENT (SAM). Negative inotropic drugs that reduce or elim- 
inate obstruction have been widely used in humans 
with the obstructive form of HCM. These agents have 
included disopyramide, B-adrenergic blockers, or cal- 
cium channel blockers (principally verapamil) .”* 2. 2% 
Drug selection is not standardized. In cats, pharmaco- 
logic management has been generally confined to the 
use of B-adrenergic blockers (atenolol, propranolol) 
and calcium channel blockers (principally diltiazem), 
but reduction of outflow gradient is usually best accom- 
plished with B-blocker therapy. Stimuli that provoke or 
intensify LV outflow tract gradients should be avoided. 
These include positive inotropes, reduction of LV vol- 
ume, or decreased afterload. Conversely, the gradient 
may be reduced or abolished by interventions that 
increase LV volume, such as decreased contractility, 
increased preload, or increased afterload. The clinical 
importance of decreasing obstruction, particularly in 
asymptomatic cats, has not been established. 


Recurrent and Refractory Congestive 
Heart Failure 


When pulmonary edema or biventricular failure 
with pulmonary edema recurs, emergency treatment 
may be required (see earlier Treatment of Acute Pul- 
monary Edema). Cardiac drug therapy is then modi- 
fied to (1) increase the dosage of the “primary” drug 
(i.e., B-blocker, calcium channel blocker, or ACE inhib- 
itor), (2) change to a different class of primary drugs, 
or (3) add a second or even third primary agent. 
When congestion is refractory to these pharmacologic 
manipulations, particularly with severe, chronic effu- 
sions, upward dose titration of furosemide (e.g., 2.2 to 
4.4 mg/kg q8-12h PO) may be required. For refrac- 
tory right-sided heart failure, addition of a second 
diuretic agent that acts at a different site in the neph- 
ron may be synergistic with furosemide. Choices for 
these agents include hydrochlorothiazide (HydroDi- 
uril, Merck & Co.; 1 to 2 mg/kg PO q12-24h PO) 
or hydrochlorothiazide-spironolactone (Aldactazide, 
Searle; 2.2 mg/kg/day PO).''** Cats must be closely 
monitored for dehydration, azotemia, hyponatremia, 
and hypokalemia when using combination diuretics. 

Digitalization may be prescribed when right-sided 
heart failure is unresponsive to diuretics, ACE inhibi- 
tors, or other therapy; or if myocardial (systolic) failure 
occurs. If renal function is relatively normal, digoxin 
may be administered. The tablet form (0.125 mg) is 
generally better tolerated than digoxin elixir. Guide- 
lines for oral digitalization are as follows: cats weighing 
1.9 to 3.2 kg, % tablet (0.031 mg) every second day; 
cats weighing 3.3 to 6 kg, 4% tablet daily; and cats 
weighing more than 6 kg, % tablet daily or q12h. This 
maintenance dose is highly individualized and may 
need to be reduced to account for weight loss (cardiac 
cachexia), renal insufficiency, and hypokalemia.*.’ Dos- 
age is titrated by assessing serum digoxin concentra- 
tion in 10 to 14 days (1 to 2 ng/ml represents a 
therapeutic range). 

For continued refractory CHF, several additional 
steps should be taken: (1) ascertain that prescribed 
drugs are being administered according to directions, 
(2) recalculate drug doses based on current body 
weight, (3) generate and re-evaluate a new data base 
(e.g., ECG, radiographs, echocardiogram, clinical pa- 
thology) to rule out systemic and metabolic disease, 
heartworms, neoplasia, (4) assess serum T; and T, 
concentrations (cats > 6 years old), and (5) refer the 
animal to a cardiologist. 


RESTRICTIVE CARDIOMYOPATHY 


DEFINITIONS AND NOMENCLATURE 


Restrictive cardiomyopathy (RCM) is defined as 
heart muscle disease that results in impaired diastolic 
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ventricular filling: normal or decreased ventricular dia- 
stolic volume; generally normal systolic function; and 
normal] to increased ventricular wall thickness.” It rep- 
resents a spectrum of conditions in humans that in- 
cludes idiopathic RCM and RCM that occurs secondary 
to systemic or metabolic disorders that affects the ven- 
tricles. These different etiologies result in a variety of 
clinical and morphologic phenotypes, pathophysio- 
logic derangements, and diastolic dysfunction.’* ® 
14, 236-252 Thus, the only justification that can be made 
to describe a given case of myocardial disease by the 
term “restrictive cardiomyopathy” is that the case 
should be characterized by a cardiomyopathic process 
that restricts diastolic ventricular filling and excludes 
hypertrophic cardiomyopathy. Accordingly, RCM is a 
specific pathophysiologic entity characterized within a 
broader group of conditions that cause diastolic dys- 
gories of RCM are recognized in humans,'-* * * 14. 
286-258, 247-252 and these appear to be valid for cats as 
well.*7 % 239-242 They include (1) myocardial RCM (most 
prevalent) and (2) endomyocardial RCM. 


PREVALENCE AND DEMOGRAPHICS 


Prevalence data (see Fig. 28-1) have been compli- 
cated by controversies in clinical diagnosis and ante- 
mortem recognition. There are no known gender or 
breed predilections. Ages of affected cats are variable, 
but middle-aged or older animals are most commonly 
affected? 242 


ETIOLOGY 


Both myocardial and endomyocardial forms of fe- 
line RCM are idiopathic. The myocardial form is 
poorly characterized in cats but is generally a noninfil- 
trative disease. In humans, this form of RCM most 
commonly results from amyloid infiltration of the ven- 
tricular walls,’ è ® 8e 235. 287 although other etiologies 
have been reported.’ A familial form of idiopathic 
myocardial RCM has also been documented, both 
with? 2° and without®™ skeletal myopathy, in humans 
but currently not in cats. 

Endomyocardial feline RCM has been associated 
with endomyocarditis of undetermined origin in a 
small number of cases.” Thus, it is possible that myo- 
carditis is a causal factor of endomyocardial disease. 
The ability of many viruses to infect and potentially 
injure myocardial tissue and activate the immune 
system has been suggested as a cause.*° Recently, 
isolation of parvoviral genomic material from a high 
percentage of feline hearts with idiopathic cardiomy- 
opathy, including RCM,” gives credence to a similar 
mechanism in cats. Viruses may cause myocardial in- 
jury by several basic mechanisms, including direct myo- 
cardial invasion production of myocardial toxins, or 
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immune-mediated myocardial injury.” An etiopatho- 
genic role of viral myocarditis has been suggested in 
some human patients who have residual cardiac injury 
that progresses to chronic myocardial damage and dys- 
function.*” Although the endomyocardial form of fe- 
line RCM is characterized by endomyocardial fibrosis, 
other conditions may potentially cause infiltrative en- 
domyocardial disease, including metastatic neopla- 
sia, particularly lymphoma, which was detected in 3 
percent of cats with lymphosarcoma.**** The endomyo- 
cardial form of human RCM and eosinophilic cardio- 
myopathy (L6ffler’s endocarditis) are thought to be 
different manifestations of restrictive obliterative car- 
diomyopathy associated with eosinophilia.” In cats, 
eosinophilic cardiomyopathy has not been described 
per se, although hypereosinophilic syndrome with 
multiorgan eosinophilic infiltration, including the 
heart, has been reported.” **° Thus, a possible patho- 
genic relationship between direct eosinophilic involve- 
ment or indirect immune-mediated injury is specu- 
lated for some cases. 


PATHOPHYSIOLOGY 


The hallmark of RCM is diastolic dysfunction. Early 
LV filling is rapid but is then suddenly restrained, 
impeded by rigid ventricular walls or endocardium 
that impairs myocardial elasticity.' '* °° This results in 
elevated filling pressures, with resultant pulmonary 


FIGURE 28-15 


and systemic congestion. Contractility (systolic func- 
tion) is generally normal or only mildly impaired. 


PATHOLOGY 


MYOCARDIAL FORM (NONINFILTRATIVE, IDIOPATHIC) OF 
RCM. In humans, RCM most often results from systemic 
or metabolic processes that infiltrate the interstitial 
matrix. Amyloid is the most common cause, although 
accumulation of metabolic storage material within 
myocytes also occurs." ® 797 

Although RCM is poorly characterized in cats, nei- 
ther amyloid infiltration nor deposition of abnormal 
metabolic material within myocytes has been identi- 
fied. Thus, the feline condition represents a noninfil- 
trative, idiopathic RCM. Gross pathologic features in- 
clude mild to moderate increase in heart weight and 
heart weight to body weight ratio; increased biatrial 
size with particularly severe LA enlargement; relatively 
normal LV internal cavity size; and normal to mildly 
increased LV wall thickness (Fig. 28-15). Patchy endo- 
cardial fibrosis is common. Ball thrombi may be pres- 
ent in the LA or LV. Common histopathologic findings 
include diffuse or patchy interstitial fibrosis and myo- 
cyte necrosis. 


ENDOMYOCARDIAL FORM OF RCM. Two forms of endo- 
myocardial RCM—endomyocardial fibrosis and hyper- 
eosinophilic syndrome (L6ffler’s endocarditis)—have 


Heart from a cat with the myocardial (noninfiltrative) form of idiopathic restrictive cardiomyopathy. 
(A) There is biatrial enlargement. Left auricular dilation is striking. (B) Transverse section of this 
heart reveals mild RV hypertrophy, RA enlargement, and a left auricular ball thrombus. Although 
the ventricular septum and LV free wall appear thickened, this appearance is due to contiguous 
regions of sectioned papillary muscles adjacent to the septum and free wall, which resulted from the 
oblique transection of this gross specimen. Echocardiographic examination had revealed normal left 
ventricular internal dimensions and ventricular septal and LV free wall thickness. 


FIGURE 28-16 
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Heart from a cat with the endomyocardial form of restrictive cardiomyopathy. The transected heart 
(A) and the two-dimensional parasternal long axis echo (B) reveal a large mid-ventricular 
endocardial scar bridging the interventricular septum and left ventricular posterior wall. The left 
atrium is severely enlarged and mild pericardial effusion is present. /VS, interventricular septum; 


LVW, left ventricular posterior wall. 


received the most attention in humans. They may rep- 
resent different manifestations of the same disease and 
are associated with an eosinophilic cardiomyopathy. It 
has been hypothesized that activated eosinophils cause 
myocardial toxicity, a theory supported by animal 
models of hypereosinophilic syndromes.*** %43. 265. 267 A 
feline hypereosinophilic syndrome (HES) has been 
reported. In a single cat with HES, the echocardiogram 
was unremarkable, but focal mononuclear cell infiltra- 
tion was present within the myocardium.** In another 
report of feline HES in 3 cats, 2 were necropsied and 
had subendocardial eosinophilic infiltration without 
fibrosis or gross cardiac lesions.” In the endomyocar- 
dial form of feline RCM, endomyocarditis and LV en- 
domyocardial fibrosis have been reported occurring 
both separately and together.” 141 242, 266 

Gross pathologic findings (see also chapter 36) (Fig. 
28-16) include greater than normal heart weight and 
heart weight to body weight ratio; severe LV endocar- 
dial scar (typically in the mid to apical cavity) often 
obliterating the distal chamber, causing midventricular 
stenosis or fusing and distorting the mitral apparatus; 
normal to hypertrophied LV wall; severe LA and often 
RA enlargement; MI; variable RV changes, including 
hypertrophy; and LA or LV mural ball thrombi. Histo- 
logic findings include marked LV endocardial thick- 
ening and scar; intramural coronary arteriosclerosis; 
endomyocardial necrosis and fibrosis; and in cases of 
LV endomyocarditis, varying degrees of endomyocar- 
dial infiltrates, predominantly neutrophils and macro- 
phages but occasionally lymphocytes and plasma cells. 


CLINICAL MANIFESTATIONS 


HISTORY. Tachypnea and dyspnea may be acute or 
subacute, with pulmonary edema. In chronic stages 
of the disease, effusions may predominate and cause 
gradual signs of dyspnea and weight loss associated 
with cachexia. Anorexia may precede respiratory 
involvement. Aortic thromboembolism is common and 
results in paresis.” 


PHYSICAL EXAMINATION. Findings are 
Dyspnea and tachypnea are usually evident. Thoracic 


nonspecific. 


auscultation may reveal dull heart and lung sounds in 
the presence of marked pericardial or pleural effusion, 
or respiratory crackles may be evident if severe pulmo- 
nary edema is present. Soft, systolic heart murmurs 
may be detected over the mitral or tricuspid valve area 
or between the mitral valve area and sternum. Gallop 
heart rhythms are sometimes present. Distended jugu- 
lar veins and elevated jugular venous pressures are 
associated with right-sided CHF. Irregular heart rates 
and arterial pulse deficits indicate arrhythmias. Arterial 
thrombosis predisposes to saddle thrombi and poste- 
rior paresis. 


ELECTROCARDIOGRAPHY. Arrhythmias are common 
(see Table 28-2). A variety of ECG changes may be 
recorded. Low voltage QRS complexes may be noted 
when severe pericardial and pleural effusions are pres- 
ent. Evidence of LA enlargement (P wave duration > 
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40 msec) or LV enlargement (Ri, > 0.8 mV or QRS 
duration > 40 msec) is common. 


RADIOGRAPHY. Classic radiographic changes include 
moderate to severe LA enlargement and, often, RA 
enlargement. Pulmonary edema and pleural effusion 
are common. Generalized cardiomegaly may be evi- 
dent if pericardial effusion is present. Ascites is occa- 
sionally present, especially in cases of chronic disease. 


ANGIOCARDIOGRAPHY. Although echocardiography has 
largely replaced nonselective angiocardiography for 
cardiac imaging, the latter may be informative, particu- 
larly with RCM due to endomyocardial fibrosis (Fig. 
28-17). Angiographic findings include severe LA en- 
largement; an irregular LV cavity, often with partial 
midventricular constriction or striking obliteration of 
the apical cavity caused by severe endocardial scar 
formation; and LA or LV filling defects suggesting 
intracavitary ball thrombi. The noninfiltrative myocar- 
dial form of RCM is characterized by severe LA en- 
largement with a relatively normal-appearing LV cavity. 
Ball thrombi may also be present. Right-sided changes 
are variable with both forms. 


ECHOCARDIOGRAPHY. The endomyocardial and myo- 
cardial forms of RCM can generally be distinguished 
by echocardiographic examination. The cardinal fea- 
tures of endomyocardial RCM include (1) pronounced 
endocardial scar, most commonly at the level of the 
mid left ventricle, bridging the free wall and ventricu- 


FIGURE 28-17 


Nonselective angiocardiogram of a cat with restrictive 
cardiomyopathy (RCM). The left atrium (LA) is dilated and the 
left ventricular chamber is misshapen (arrows). (From Fox PR, 
Bond BR. Nonselective and selective angiocardiography. Vet Clin 
North Am 13:262, 1983.) 


lar septum (see Fig. 28-16); this may cause mild to 
severe midventricular constriction, resulting in a dia- 
stolic and systolic pressure gradient identifiable by 
Doppler echocardiography; and (2) severe LA enlarge- 
ment with pronounced left auricular dilation. Addi- 
tional features are usually present. The ventricular 
septum or LV posterior (free) wall may be mildly hy- 
pertrophied (e.g., end-diastolic thickness 5 to 6 mm) 
or normal. The LV posterior wall may appear nonho- 
mogeneous because of focal hyperechoic areas or dif- 
fuse speckling. Left ventricular cavity dimensions may 
be normal or reduced, or severe endocardial fibrosis 
may result in obliteration of the apical LV cavity. The 
RA is usually enlarged. Right ventricular changes vary 
from mild RV hypertrophy to dilation. Intracavitary 
ball thrombi (LA or LV) are common. Mitral and 
tricuspid valvular insufficiency is often present, but 
regurgitation is usually mild. Contractility is generally 
normal. In contrast, the myocardial form of RCM is 
characterized by (1) marked LA or biatrial enlarge- 
ment, (2) a relatively normal LV chamber, (3) normal 
ventricular septum and LV free wall thickness or mild 
hypertrophy (end-diastolic wall dimensions 5 to 6 
mm), and (4) lack of severe, left-sided heart volume 
overload (i.e., valvular insufficiency, if present, is mild). 


DIFFERENTIAL DIAGNOSIS 


From a pathophysiologic perspective, the diagnosis 
of RCM requires either Doppler echocardiographic 
evidence of LV restrictive physiology or LV relaxation 
abnormality, in the absence of severe idiopathic LV 
hypertrophy. When Doppler echo evidence of diastolic 
dysfunction is lacking, a presumptive diagnosis of RCM 
is based upon cardiac morphology that closely con- 
forms to classic phenotypes of RCM (see preceding 
Echocardiography) and excludes HCM, myocardial in- 
farction, and other cardiomyopathies. Thus, RCM is 
diagnosed from the presence of a number of structural 
and physiologic features and by the absence of others. 
A diagnosis of RCM is not tenable in the presence of 
significant left ventricular dilation. Likewise, severe LV 
hypertrophy, particularly without LV endocardial scar, 
is incompatible with a diagnosis of RCM. 

Restrictive cardiomyopathy causes a syndrome that 
is hemodynamically similar to constrictive pericarditis, 
an exceedingly rare condition in cats. Abnormalities 
of diastole in RCM and HCM do share some similari- 
ties, and thus the clinical picture may be confusing. 
Both RCM and HCM may present with acute pulmo- 
nary edema, arrhythmias, and severe LA or biatrial 
enlargement; moreover, some RCM cases have equivo- 
cal LV hypertrophy or myofiber disorganization. Most 
commonly, the diagnosis of RCM is somewhat uncer- 
tain. In many cases, myocardial diseases may be more 
appropriately labeled unclassified cardiomyopathy if they 
are equivocal, have marked mitral regurgitation and 


LA enlargement, have only mild LA enlargement, or 
have normal Doppler echo transmitral filling patterns. 


NATURAL HISTORY AND PROGNOSIS 


The true natural history of RCM is difficult to deter- 
mine, since asymptomatic cardiomegaly may be pres- 
ent for months or years. The rate of progression of 
diastolic dysfunction has not been determined. Fre- 
quently, RCM has an insidious onset, with development 
of progressive right-sided CHF. Prognosis is generally 
poor when marked right-sided CHF is present, espe- 
cially when accompanied with tachyarrhythmias such 
as atrial fibrillation. 


THERAPY 


Acute therapy for pulmonary edema is similar to 
that described earlier for hypertrophic cardiomyopa- 
thy. When moderate to severe pleural effusion is pres- 
ent, therapeutic thoracocentesis may be helpful. There 
are currently no clinical data indicating optimal 
chronic management of restrictive cardiomyopathy. 
Consideration may be given to ACE inhibitors, with 
the rationale for blunting neurohormonal activation 
and reducing ventricular remodeling; to §-blockers, 
particularly when myocardial infarction is suspected or 
tachyarrhythmias are present; or to aspirin when left 
atrial enlargement is severe. Digoxin can be consid- 
ered for severe or refractory right-sided CHF. 


SYSTOLIC (MYOCARDIAL) 
DYSFUNCTION 


TAURINE DEFICIENCY, DILATED 
CARDIOMYOPATHY, AND IDIOPATHIC 
MYOCARDIAL FAILURE 


DEFINITIONS AND NOMENCLATURE 


When the ventricles fail to generate normal systolic 
contractile force to maintain forward cardiac output, 
systolic dysfunction is said to be present. Synonymous 
terminology includes myocardial failure, pump failure, 
systolic failure, contractile dysfunction, and reduced contrac- 
tility. Dilated cardiomyopathy is the prototypic example 
of systolic dysfunction. It is characterized by LV or 
biventricular dilatation and impaired contractility.” Al- 
though formerly called congestive cardiomyopathy, the 
term dilated cardiomyopathy is preferred, because ven- 
tricular dilation and decreased contractility represent 
the earliest abnormalities, whereas CHF often devel- 
ops later. * 
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PREVALENCE AND DEMOGRAPHICS 


Historically, dilated cardiomyopathy (DCM) had rep- 
resented the second most common form of feline 
heart disease (see Fig. 28-1). At The Animal Medical 
Center, it accounted for about one quarter of nec- 
ropsy-confirmed cardiomyopathies between 1962 and 
1976, and for up to 30 percent of primary myocardial 
diseases diagnosed by echocardiography before 1990. 
Ages of cats with taurine deficiency DCM varied from 
5 months to 16 years, with a mean age of approxi- 
mately 7.5 years.” 1 All breeds were affected. An 
apparently high incidence occurred in the Siamese, 
Abyssinian, and Burmese breeds®” and a relatively low 
incidence in the Himalayan and Persian breeds. There 
was a male predisposition. 

However, in 1987 an association between taurine 
deficiency and reversible myocardial failure (DCM) 
was reported? and subsequently corroborated.°°** 
In response, pet food manufacturers reformulated 
their feline diets to include more taurine, which re- 
sulted in a dramatic reduction of feline taurine defi- 
ciency in the northeastern United States by 1990. Simi- 
lar epidemiologic trends were reported elsewhere.*"! 

The clinical relationship between taurine deficiency 
and systolic dysfunction was evaluated in 49 cats diag- 
nosed with idiopathic myocardial failure between 1990 
and 1995. Ages ranged from 2 to 20 years (mean, 9.8 
+ 4.4; median, 9.5 years); 69 percent were male and 
31 percent were female. Five cats (10 percent) had 
markedly reduced taurine concentrations, and their 
clinical condition was compatible with taurine defi- 
ciency DCM. An additional 10 cats (20 percent) had 
somewhat reduced whole blood taurine concentrations 
compared with normal.” 

Currently, idiopathic myocardial failure represents 
from 3 percent to 7 percent of the cardiomyopathic 
cats evaluated at The Animal Medical Center for sus- 
pected heart disease. A wide variation occurs in degree 
of systolic impairment and left ventricular morphology. 


ETIOLOGY 


TAURINE DEFICIENCY MYOCARDIAL FAILURE. A clear 
causal relationship has been demonstrated between 
deficiency of the amino acid taurine and reversible 
feline myocardial failure.?* #578 Prior to 1987, most 
cases of DCM were apparently related to consumption 
of commercial cat foods that either had an inadequate 
taurine content,2” or whose taurine was rendered un- 
available due to processing and canning.” However, 
it is not certain that taurine deficiency alone is the only 
factor responsible for the development of myocardial 
failure. For example, many cats fed taurine-deficient 
diets for prolonged periods of time failed to develop 
clinical myocardial failure; clinical disease is not consis- 
tent or predictable; the clinical incidence of DCM in 
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cats consuming commercial diets implicated in taurine 
deficiency was low; and myocardial taurine concentra- 
tions in taurine-depleted cats do not readily indicate 
those that will develop myocardial failure.? ?”' In addi- 
tion, certain breeds appeared to be at greater risk 
of developing taurine deficiency myocardial failure, 
including the Abyssinian, Siamese, and Burmese 
breeds,” and a genetic predisposition to feline DCM 
has been reported.” Nevertheless, the incidence of 
myocardial failure (i.e, DCM) became dramatically 
reduced after commercial pet food companies re- 
formulated feline diets with fortified taurine contents. 
Although taurine deficiency DCM is still encoun- 
tered,” it has remained a relatively rare cause of feline 
heart failure. 


IDIOPATHIC MYOCARDIAL FAILURE. This category encom- 
passes most cats diagnosed with myocardial failure 
since 1990 and is probably associated with more than 
one disorder. Etiologies are elusive. Pathogenesis of 
human idiopathic DCM represents a common expres- 
sion of myocardial injury caused by a number of poorly 
understood myocardial insults.' Three basic mecha- 
nisms of myocardial damage include (1) genetic and 
familial causes,*** ° (2) viral myocarditis and other 
cytotoxic factors,?***"* and (3) abnormalities of cellular 
and humeral immunity.’ ? A variety of other causes, 
including energetic, metabolic, and contractile abnor- 
malities, have been proposed." °° Some cats have had 
prominent myocardial fibrosis and infarction,”** and 
familial transmission has been reported.” The possi- 
bility that myocarditis is associated with at least some 
cases of feline DCM is suggested by the isolation of 
parvoviral genomic DNA from myocardial tissues of 
cats with DCM.?” 


PATHOPHYSIOLOGY 


When the LV fails to generate normal contractile 
force and ejection fraction is severely reduced, end- 
systolic and end-diastolic ventricular volumes increase 
and myocardial wall tension becomes elevated. Alter- 
ations in LV relaxation and diastolic compliance coex- 
ist with impaired contractile function and contribute 
to elevated filling pressure.” **? Coronary flow reserve 
is decreased and is significantly correlated with LV 
function as assessed by LV end-diastolic pressures, end- 
diastolic volume and wall stress, and ejection frac- 
tion.™™ Activation of the sympathetic and RAAS further 
increases cardiac preload and afterload. End-systolic 
volume increases as a result of impaired LV contractil- 
ity. Left ventricular end-diastolic, LA, and pulmonary 
artery wedge pressures are usually elevated. With RV 
dilation and failure, RV end-diastolic, RA, and central 
venous pressures may be elevated as well.' Congestive 
heart failure results from both depressed contractility 
and failure (or overcompensation) of neuroendocrine 


and other compensatory mechanisms. Pulmonary con- 
gestion, effusions, and signs of low cardiac output re- 
sults, and cardiogenic shock may occur if global car- 
diac dysfunction is severe. Mild mitral insufficiency and 
occasionally tricuspid insufficiency are usually present, 
probably owing to the atrioventricular valve apparatus 
distortion that accompanies severe dilation. The de- 
gree of myocardial failure is variable, and prognosis is 
not always directly related to indices of contractility. 


TAURINE DEFICIENCY CARDIOMYOPATHY. Although this 
etiology is currently rare in cats eating commercial cat 
foods, the potential for developing taurine depletion 
currently exists under several circumstances. Urinary 
acidification combined with potassium depletion may 
reduce tissue stores of taurine.*** Taurine deficiency 
can also result when inappropriate diets are fed.?™ #68. 
295, 296 Taurine is an essential dietary amino acid for 
cats due to their limited ability to synthesize taurine 
from cysteine and methionine. This is associated with 
a low concentration of cysteine-sulfinic acid decarbox- 
ylase, an enzyme required in taurine biosynthesis.”9” #93 
Cats are unable to conjugate significant amounts of 
bile acids with glycine and therefore must utilize tau- 
rine for conjugation. Thus, under conditions of tau- 
rine depletion as may occur with inadequate dietary 
taurine, cats lose taurine in the bile, creating severe 
whole body taurine loss.” * Taurine is essential for 
normal structural and functional integrity of the tape- 
tum and heart and for maintenance of normal repro- 
ductive function.?* "8 Taurine deficiency is a major 
factor in the pathogenesis of taurine deficiency myo- 
cardial failure, a syndrome that is largely reversible by 
oral taurine supplementation.?™ 279 


PATHOLOGY 


The chief morphologic feature of classic taurine 
deficiency DCM is dilation of all four cardiac cham- 
bers. Heart weights are significantly increased, ventric- 
ular walls are normal or thin, papillary muscles and 
trabeculae are atrophied, and aneurysmal thinning of 
the LV apex may be present. Focal LV endocardial 
fibrosis may be observed. Diffuse or focal myonecro- 
sis may be present. Cardiac myocytes display various 
degrees of degeneration ranging from coagulation, 
granulation, and sarcoplasmic vacuolization to myocy- 
tolysis.® #1. 24. -37.141 Gross features of idiopathic myocar- 
dial failure are more variable (Fig. 28-18). There is 
generally biatrial enlargement with or without hyper- 
trophy. The LV is dilated, and the apex may be 
thinned. The ventricular septum may be thin or nor- 
mal, and thinning of the LV free wall is common, 
typically occurring in the posterior segment of free 
wall as viewed in cross-section. The RV may be dilated, 
and the RV free wall may be thickened or thinned. 
Myocytolysis and necrosis, fibrosis, and intramural cor- 
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FIGURE 28-18 


Gross heart specimens from 
three cats with idiopathic 
myocardial failure. Left 
ventricular contractility was 
severely depressed in cats A and 
B (fractional shortening <14 
percent) and was mildly 
depressed (FS, 25 percent) in cat 
C. (A) Severe biventricular 
dilatation is present. The 
ventricular septum is thin but the 
LV free wall thickness is normal. 
Both atria are moderately 
enlarged. Abnormal moderator 
bands are present in the left 
ventricle. (B) Both ventricles are 
markedly dilated. The RV has 
segmental thinning and the LV 
apex is moderately thin. The 
interventricular septum is thin 
and pale. These pale regions 
corresponded to histological 
evidence of severe necrosis and 
replacement fibrosis. Papillary 
muscles are fused and flattened. 
Moderate biatrial enlargement is 
present. (C) There is severe 
biatrial dilation and the right 
ventricle is moderately enlarged 
(compare this with Fig. 28-22). 
The LV chamber is mildly dilated 
but the ventricular septal and LV 
free wall thickness are normal. 
The LV apex is very thin and 
measured 0.5 mm. The 
myocardial disorders in cats A 
and B were classified as dilated 
cardiomyopathy, whereas C was 
described as unclassified 
cardiomyopathy with mild 
myocardial failure. 
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onary artery remodeling (arteriosclerosis) are com- 
mon. Ball thrombi may occur in the LA or LV.**? 


CLINICAL MANIFESTATIONS 


HISTORY. Clinical signs are usually vague and most 
commonly include anorexia, dyspnea, and lethargy. 
Vomiting is commonly reported from | to 3 days prior 
to presentation. Paresis of a front or rear leg results 
from acute arterial embolization.*” *** This has been 
recorded in approximately one fifth of cats with idio- 
pathic myocardial failure diagnosed during the past 
6 years. 


PHYSICAL EXAMINATION. Lethargy, depression, dehy- 
dration, and hypothermia frequently present. Gallop 
rhythms (presumably S) have been reported in 20 
percent to 67 percent; a 2 to 3/6, systolic heart mur- 
mur heard over the left apex, sternum, or right apex 
is reported to occur in about 20 percent to 42 percent 
of affected cats.+7 ** 3. 37. 292 Congestive heart failure at 
the time of presentation is common and was detected 
in 94 percent of cats with idiopathic myocardial fail- 
ure.”™? In such cats, lung sounds may reveal crackles 
from pulmonary edema, or heart and lung sounds can 
be muffled if significant pericardial or pleural effusion 
is present. Jugular veins may be distended or pulsatile. 
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Hydroperitoneum and hepatomegaly can accompany 
pericardial and pleural effusion if right-sided heart 
failure is advanced. Central retinal degeneration is a 
common feature of severe taurine deficiency?® 3 and 
persists even when whole body taurine has been re- 
stored to normal. 


ELECTROCARDIOGRAPHY. The ECG is often abnormal 
(see Table 28-2). Changes may include widened P 
waves (P mitrale), indicating LA enlargement; tall R 
waves or widened QRS voltages, indicating LV enlarge- 
ment; or various arrhythmias. Ventricular extrasystoles 
and short paroxysms of ventricular tachycardia are 
most common and have been recorded in 40 percent 
to 50 percent of DCM cases. Low-voltage R waves may 
indicate severe pericardial or pleural effusion.*” 3 37 
First-degree atrioventricular block is a common con- 
duction abnormality** ' 09 and was recorded in 35 
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percent of cats with idiopathic myocardial failure.’ 


RADIOGRAPHY. Characteristic changes include gener- 
alized cardiomegaly and pleural effusion (Fig. 28-19). 
The latter may silhouette the cardiac shadow. Pulmo- 
nary venous congestion or mild, patchy pulmonary 
edema may be present concurrently but is often ob- 


FIGURE 28-19 


Ventrodorsal thoracic radiograph of a cat with idiopathic dilated 
cardiomyopathy and right-sided congestive heart failure. There is 
generalized moderate cardiomegaly. Pleural effusion causes the 
lung lobes to retract (arrows) and silhouettes the cranial 
cardiovascular border. 


FIGURE 28-20 


Two-dimensional echocardiogram (right parasternal long axis view) 
of a cat with idiopathic dilated cardiomyopathy. There is severe 
dilation of the left atrium (LA) and left ventricle (LV). The LV 
posterior wall and ventricular septum are thinner than normal. 
Fractional shortening was markedly reduced (15 percent). AO, 
aortic root. 


scured by effusion.*” “+ * In a series of 49 cats diag- 
nosed between 1990 and 1995, pleural effusion was 
present in 71 percent and pulmonary edema in 22 
percent.**? 


ECHOCARDIOGRAPHY. Two-dimensional and M-mode 
echocardiography (and to a lesser extent, Doppler 
echo) are essential to (1) establish a diagnosis of myo- 
cardial failure, (2) assess the degree of cardiac cham- 
ber dilation, (3) evaluate the severity of impaired LV 
contractility, (4) determine the presence and degree of 
valvular regurgitation, (5) detect diastolic dysfunction, 
and (6) identify valvular, pericardial, or other diseases. 
Myocardial failure is present when the fractional short- 
ening is less than 30 percent and the LV end-systolic 
dimension is greater than 12 mm. 

Several patterns of cardiac dilation (Fig. 28-20) and 
degrees of myocardial failure have been identified. 
The classic taurine deficiency DCM echo displayed 
generalized enlargement of all four heart chambers, 
increased LV and RV end-diastolic and end-systolic 
dimensions, severely depressed global fractional short- 
ening and ejection fraction, and pericardial and pleu- 
ral effusion.*” 7%: 272 

Current cases of idiopathic myocardial failure”? gen- 
erally display either LV dilation with focal segmental 
LV hypertrophy, or LV dilation with ventricular septal 
or LV free wall hypokinesis, coupled with hyperdy- 
namic motion of the opposite wall. Biatrial enlarge- 
ment and variable right-sided enlargement are present. 
Indices of left ventricular contractility may be mildly 
to severely compromised, as evidenced by decreased 
LV ejection time and prolonged pre-ejection period; 
decreased fractional shortening or circumferential fi- 
ber shortening; aortic root, interventricular septal, and 
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left ventricular free wall hypokinesis; and reduced ve- 
locity-time integral. Mild mitral and/or tricuspid insuf- 
ficiency is commonly detected. Mural LA or LV 
thrombi may be detected. 


ANGIOCARDIOGRAPHY. Echocardiography has largely 
replaced nonselective angiocardiography for clinical 
diagnosis. The latter does provide useful information, 
although with substantial morbidity and mortality and 
less accuracy compared with diagnostic ultrasound. Sa- 
lient angiocardiographic features (Fig. 28-21) include 
generalized chamber dilation, enlarged and tortuous 
pulmonary veins (and, occasionally, pulmonary arter- 
ies), reduced cardiac output suggested by increased 
circulatory transit time of injected radiocontrast dye, 
and LA or LV intracavitary thrombi.?* 37. 111 


CLINICAL PATHOLOGY. Laboratory abnormalities are 
common.*” ** 3.37 Most cats are azotemic (e.g., blood 
urea nitrogen: 35 to 60 mg/dl; normal is 20 to 30 mg/ 
dl), resulting from reduced cardiac output, decreased 
water consumption, anorexia, and fluid sequestration 
(effusions). With thromboembolic disease, marked ele- 
vations in serum lactic acid dehydrogenase, creatinine 
phosphokinase, alanine aminotransferase, and aspar- 
tate aminotransferase are usually recorded within 24 
hours of the embolism. Effusions are usually obstruc- 
tive transudate or modified transudate.'!* 

Normal plasma taurine concentration is greater than 


FIGURE 28-21 


Nonselective angiocardiogram from a cat with dilated 
cardiomyopathy. The left atrium (LA) is moderately enlarged and 
the left ventricle (LV) is severely dilated. Papillary muscles (p) are 
atrophic. The aorta (Ao) is thin and poorly opacified (arrows) 
suggesting diminished forward stroke volume. There is residual 
radiocontrast dye in the pulmonary artery (PA). (From Fox PR. 
Feline myocardial diseases. In Fox PR (ed). Textbook of Canine 
and Feline Cardiology. New York, Churchill Livingstone, 1988, 

p 435.) 
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60 nmol/ml; cats at risk measure less than 30 nmol/ 
ml. However, plasma taurine concentration is very la- 
bile. Even 24 hours of fasting or anorexia can cause 
plasma levels to fall below 30 nmol/ml. In contrast, 
whole blood taurine concentrations are less labile, and 
fasting does not significantly affect values. Normal 
whole blood taurine is greater than 200 nmol/ml; cats 
at risk show less than 100 nmol/ml.?®*: 270. 273, 275, 276, 304, 305 


DIFFERENTIAL DIAGNOSIS 


Idiopathic myocardial failure (idiopathic DCM) is 
diagnosed on the basis of severe LV dilation and im- 
paired contractile performance, after excluding other 
known etiologic factors. The latter include severe vol- 
ume overloads caused by mitral regurgitation, aortic 
regurgitation (rare), and atrioventricular fistulas; left- 
to-right shunting congenital anomalies; high-output 
states, such as severe anemia; and taurine deficiency. 
Because DCM may represent an end-stage condition 
resulting from a number of etiologies, some cases may 
display characteristics that overlap other disorders. 


Initial Therapy (First 24 to 48 Hours) 


TREATMENT GOALS. Initial therapy is directed to re- 
duce or eliminate pulmonary and systemic venous con- 
gestion, promote increased forward cardiac output, 
control serious tachyarrhythmias or bradyarrhythmias, 
and improve myocardial contractility. General support- 
ive measures, such as external heating to combat hypo- 
thermia, oxygen administration, and minimization of 
undue stress, are important. 


THORACOCENTESIS. If breathing is compromised by 
severe pleural effusion (suggested by muffled heart 
and lung sounds and a dull note derived by thoracic 
percussion—or evident by radiography or echocardiog- 
raphy), thoracocentesis is advised. In the severely dys- 
pneic cat, this should be performed even before radio- 
graphs are taken. Further diagnostic tests may then be 
accomplished more safely. 


TREATMENT OF ACUTE PULMONARY EDEMA. Life-threaten- 
ing pulmonary edema is uncommon with myocardial 
failure (in contrast to the situation with diastolic dys- 
function, in which pulmonary edema is the most com- 
mon sequela of CHF). When edema is severe, furose- 
mide is administered (1 to 2 mg/kg ql-2h IV or 
IM) to reduce cardiac preload (LV filling pressures) 
rapidly. The administration frequency is then reduced 
to the lowest effective level as soon as tachypnea is 
lessened and thoracic auscultation improves. In some 
patients cardiac output, albeit decreased, is “‘sus- 
tained” by relatively elevated preload. Overzealous di- 
uresis may severely reduce ventricular filling (preload) 
and thus drop cardiac output, lead to azotemia and 
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electrolyte abnormalities and prolong renal clearance 
of certain drugs (e.g., digoxin) +” 1% 180.38 Resolution 
of severe pulmonary edema may be enhanced by ad- 
ministering 2 percent nitroglycerin cream (%4 to % 
inch g8-12h cutaneously) for the first 24 hours. Sup- 
plemental oxygen (40 percent to 60 percent oxygen- 
enriched inspired gas) may be beneficial to improve 
pulmonary gas exchange. 


INTRAVENOUS INOTROPIC SUPPORT. The rationale for 
positive inotrope administration is based on the pre- 
sumption of adequate myocardial contractile re- 
serve.*°°*!! Synthetic sympathomimetic amines possess 
greater inotropic activity, provide quicker onset of ac- 
tion, and allow finer control than dose digoxin. They 
are administered by constant-rate infusion and titrated 
every 2 to 6 hours to effect to achieve clinical improve- 
ment (e.g., stronger femoral arterial pulses, normaliza- 
tion of arterial blood pressure if initially depressed, 
stronger precordial apex beat, louder heart sounds, 
reduced lethargy, and improvement of core body tem- 
perature). Dobutamine (Dobutrex, Lilly; 2 to 10 pg/ 
kg/min) is the preferred agent for hemodynamic sup- 
port of the failing heart. It exerts its positive inotropic 
effects through direct stimulation of myocardial B-ad- 
renergic receptors.*!® *!*. 33 At relatively higher infu- 
sion rates it increases cardiac output, stroke index, and 
oxygen transport more effectively than does dopa- 
mine.*'* It exerts a lesser effect on the sinoatrial node 
(and therefore heart rate) than on myocardial tissue 
and does not stimulate renal dopaminergic recep- 
tors.3!® 315-317 However, a common adverse side effect 
in cats is seizures.* 7” These are typically focal facial 
seizures but occasionally become generalized. Seizures 
have been observed at infusion rates as low as 5 mg/ 
kg/min. They stop as soon as the dobutamine infusion 
is discontinued, and often do not recur when the dose 
is reduced by 50 percent. 

If seizures continue at the reduced dosage, dopa- 
mine may be substituted. Dopamine is a norepineph- 
rine precursor that preferentially reduces renal vascu- 
lar resistance and increases glomerular filtration rate, 
renal blood flow, urine flow, and solute excretion.?!* It 
directly stimulates cardiac B,-adrenergic receptors as 
well as causing release of myocardial stores of norepi- 
nephrine.*'® The latter may limit its efficacy if such 
stores are depleted.” At lower doses (< 5 wg/kg/ 
min), hemodynamic effects are relatively small, but it 
stimulates renal dopaminergic receptors, promoting 
renal cortical blood flow, glomerular filtration, and 
diuresis. However, low-dose dopamine infusion may 
cause ventilatory inhibition in humans and adversely 
influence outcomes in hypoxic patients with heart fail- 
ure,*?! although this potential effect has not been stud- 
ied in cats. Higher doses (> 5 pg/kg/min) stimulate 
a-adrenergic receptors and increase systemic arterial 


is undesirable as it increases impedance to ventricular 
ejection. Tachycardia, arrhythmias, and increased myo- 
cardial oxygen demand may also follow high dosage. 
Thus, it is a second-line parenteral inotropic agent. 
Dopamine (Intropin, American Critical Care) is dosed 
at 2 to 5 mg/kg/min (constant-rate infusion). 


TAURINE SUPPLEMENTATION. The only known cause of 
reversible myocardial failure is taurine deficiency. Be- 
cause taurine supplementation is effective in such 
cases, it is empirically administered (250 to 500 mg 
ql2h PO). Analysis of blood taurine concentration 
ideally should be determined from a blood sample 
drawn and frozen prior to taurine administration. 
However, since this assay is not widely available, and 
because oral taurine supplementation is safe and inex- 
pensive, oral taurine administration is endorsed for 
any case of myocardial failure. 


ANTIARRHYTHMIC MANAGEMENT. Symptomatic or hemo- 
dynamically significant tachyarrhythmias are uncom- 
mon. For life-threatening ventricular tachycardia lido- 
caine can be judiciously administered (1-mg boluses 
administered slowly, up to 1 mg/kg; 15 to 30 pg/kg/ 
min constant rate infusion). Esmolol (Brevibloc, Du 
Pont Pharmaceuticals, Inc), an ultrashort B-blocker, 
can be added (50 to 200 pg/kg/min constant-rate 
infusion) if lidocaine is ineffective, or it can be given 
for severe supraventricular tachyarrhythmias. 


GENERAL SUPPORTIVE MEASURES. In the absence of pul- 
monary edema, judicious fluid therapy is occasionally 
beneficial to combat the effect of cardiogenic shock 
and circulatory failure. Intravenous fluid supplementa- 
tion may help prevent severe reduction in preload 
(and cardiac output) and reduces vascular volume con- 
traction caused by diuretics, anorexia, and shock. A 
mixture of 0.45 percent NaCl (or half-strength lactated 
Ringer’s solution) with 2.5 percent dextrose in water 
(D;W) can be given at a submaintenance dose of 20 
to 35 ml/kg/day by constant-rate infusion. Potassium 
chloride must often be supplemented (e.g., 5 to 7 mEq 
for each 250 ml of fluids). Serum electrolytes should 
be monitored. The infusion rate and dose vary with 
each patient and must be balanced to optimize the 
clinical response without exacerbating pulmonary 
edema or effusions.*” Central venous pressure moni- 
toring may help guide the infusion rate (chapter 15). 


Chronic Maintenance Therapy 


A useful approach to maximize chronic therapy for 
idiopathic myocardial failure emphasizes drug titration 
to achieve maximum tolerated doses of diuretics, ACE 
inhibitors, and digoxin as needed. Drug-related toxic- 
ity, dehydration, decreased cardiac output (e.g., over- 
zealous preload reduction), and prerenal azotemia are 


common management challenges, particularly during 
the first 7 to 10 days of therapy. The end-points repre- 
sent simple clinical parameters, such as appetite, activ- 
ity, body weight, ease (normality) of breathing, heart 
rate, serum potassium, BUN and creatinine, and devel- 
opment of side effects. Ancillary therapies are dictated 
by individual needs and may include f-adrenergic 
blockers, antiplatelet or anticoagulant agents, antiar- 
rhythmics, dietary modification, and detection and 
treatment of contributory systemic and metabolic dis- 
eases (e.g., hyperthyroidism). 


DIURETICS. When congestion is controlled, furose- 
mide is tapered to the lowest effective dose. It may be 
interrupted or temporarily discontinued if azotemia, 
anorexia, or dehydration occurs. To manage chronic 
effusions, upward dose titration (1.5 to 4.5 mg/kg 
q8-12h PO) may be effective in some cats.” Refrac- 
tory cases may require periodic thoracocentesis and 
additional diuretic agents such as hydrochlorothiazide 
and spironolactone (Aldactazide, Searle; 2.2 to 4.4 
mg/kg q24h PO),!'* 9 although the thiazide may be 
ineffective in the presence of renal failure. 


ACE INHIBITORS. Chronic heart failure causes en- 
hanced RAAS activation, which results in many detri- 
mental effects, including elevated angiotensin II, which 
contributes to increased preload and afterload and 
promotes sodium and water retention.” ACE inhibi- 
tors are thought to act by decreasing angiotensin II 
production, which in turn improves hemodynamic 
function. These agents are also used in hopes of lim- 
iting progressive cardiac chamber remodeling (dila- 
tion) and preventing or delaying clinical deteriora- 
tion.”® *7 ACE inhibitor monotherapy has been used 
to manage successfully some cases of mild idiopathic 
myocardial failure (fractional shortening, 23 percent 
to 29 percent; left ventricular end-systolic dimensions, 
12 to 14 mm) that have become compensated with 
diuretics. In more severe cases of systolic failure, ACE 
inhibitors constitute a component of standard therapy 
that includes diuretics, and digoxin. Enalapril (0.5 
mg/kg PO daily) has a wide clinical safety margin. 
Many other agents are also available (see Pharmaco- 
logic Options and Approaches to Chronic Manage- 
ment, ACE Inhibitors, earlier). 


DIGITALIS (DIGOXIN). Although digitalis is the tradi- 
tional agent for chronic management of myocardial 
failure, there are few available clinical data concerning 
cardiomyopathic cats, and digoxin’s low therapeutic 
index makes its role controversial. When digoxin was 
administered to 6 cats with DCM, small but significant 
increases in LV systolic function indices were demon- 
strated in 4 animals; 3 had serum digoxin concentra- 
tions in the toxic range.” Others have reported no 
evidence of enhanced survival when digoxin was ad- 
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ministered to cats with taurine deficiency DCM.?” 
However, clinical benefits of digoxin therapy in the 
treatment of human heart failure have become evi- 
dent.” Digoxin’s efficacy may be related more to its 
ability to modulate neurohormonal regulation by a 
direct effect on baroreceptors than to increase cardiac 
contractility.4°? 

Digoxin may be administered in pill or elixir form. 
Although higher plasma levels and more accurate dos- 
ing can be achieved with the elixir,** * it is less 
palatable to cats than are tablets. The 0.125-mg tablet 
is readily tolerated, but its small size inhibits accurate 
division into less than one fourth of a tablet (0.031 
mg).*7 Males may develop higher serum levels than 
females of the same body weight, and food adminis- 
tered in conjunction with digoxin may decrease drug 
absorption.*** * The biologic half-life of digoxin in 
healthy cats given a single IV injection is 33.3 + 9.5 
hours. The mean half-life after chronic oral administra- 
tion of elixir (0.05 mg/kg bid) was 79 hours (range, 
33 to 22 hours),**° indicating that digoxin elimination 
is capacity-limited in the cat. In DCM cats given oral 
digoxin in tablet form (0.007 to 0.014 mg/kg q48h), 
mean half-life was about 64 hours, and steady state was 
reached after about 10 days.*** Renal insufficiency will 
reduce digoxin clearance and increase serum concen- 
tration. 

Digoxin therapy should be initiated when the cat is 
hydrated and eating. Initial dosage is guided by body 
weight and modified by renal function and serum 
digoxin concentrations. Based upon a calculated dose 
of 0.005 to 0.01 mg/kg lean body weight and relatively 
normal BUN/creatinine levels, the following guide- 
lines are suggested:’ for cats weighing 1.9 to 3.2 kg, 4 
of a 0.125-mg digoxin tablet (0.031 mg) every 2 to 3 
days; for cats weighing 3.3 to 6 kg, 1⁄4 tablet daily; and 
for cats weighing more than 6.0 kg, % tablet daily 
(occasionally, bid). 

Since digoxin is eliminated by renal excretion, dehy- 
dration and azotemia may promote digoxin intoxica- 
tion and warrant dosage reduction, longer interadmin- 
istration intervals, or drug discontinuation. Serum 
digoxin concentration should be evaluated 10 to 14 
days after initiating therapy. When blood is drawn 10 
to 12 hours postadministration, a serum concentration 
of 1 to 2 ng/ml is presumed to be therapeutic. Toxic 
plasma concentrations in healthy cats ranged from 2.4 
to 2.9 ng/ml.” Anorexia and depression are early 
signs of toxicity.” Vomiting accompanies more severe 
intoxication. The most striking ECG changes reported 
with digoxin toxicosis in one study was ST segment 
elevation, and P-R interval prolongation may be noted 
at nontoxic concentrations.** Clinical illness in normal 
cats given toxic doses may last up to 96 hours.*** *° In 
cardiomyopathic cats with reduced cardiac output and 
renal insufficiency, digoxin toxicity may persist up to 7 
days.*.° Concurrent therapy with digoxin tablets (0.01 
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mg/kg PO q48h), aspirin (80 mg/kg q48h), furose- 
mide (2 mg/kg PO bid) and commercial low-salt diet 
(h/d, Hills) predisposed normal cats to digoxin toxic- 
ity. The precise mechanism of altered digoxin kinetics 
was not identified.” 


B-ADRENERGIC BLOCKERS. Because sympathetic ner- 
vous system activation in heart failure causes important 
deleterious effects, B-adrenergic receptor blockade has 
been advocated for DCM in humans. B-blocker therapy 
has resulted in improved symptoms, exercise capacity, 
and LV function in some human DCM patients.**: 
83 Potential mechanisms include reduced myocar- 
dial oxygen demand due to negative inotropic effect, 
protection against catecholamine-induced myonecro- 
sis, improved diastolic relaxation, upregulation (in- 
creased) myocardial B-adrenergic receptor density, and 
improved myocardial calcium handling.” Despite 
these encouraging findings, clinical benefits of B-block- 
ers have not been evaluated in cats with myocardial 
failure. When considering their use, one must be 
mindful of their potential negative chronotropic and 
inotropic effects in cats with reduced cardiac contrac- 
tility. It seems rational to judiciously add 8-blockers to 
conventional therapy if myocardial infarction is sus- 
pected, or if symptomatic or electrically unstable tachy- 
arrhythmia warrants control of ventricular heart rate. 
In such cases, a low oral starting dose is recommended 
(propranolol, 2.5 mg q8-12h or atenolol, % of a 25- 
mg tablet q24h). Alternatively, an initial low test dose 
can be given and patient response observed. Follow- 
up should include one or more ECGs to assess heart 
rate and rhythm and echocardiography to evaluate 
myocardial contractility, cardiac dimensions, and wall 
motion. 


DIETARY MODIFICATIONS. Diet history should be ascer- 
tained and adjustments made to eliminate causes of 
low taurine. Urinary acidification combined with potas- 
sium depletion may reduce tissue stores of taurine.” 
Taurine deficiency can also result when inappropriate 
diets are fed.?°. 268. 29, 298 Oral taurine supplementation 
should continue if concern exists about dietary defi- 
ciency or when taurine depletion is confirmed (plasma 
taurine less than 30 nm/ml, whole blood taurine less 
than 100 nmol/ml). Prescription diets for sodium re- 
striction (h/d, Hills) may be considered or home prep- 
aration reduced-sodium formulas used in advanced 
heart failure. 


NATURAL HISTORY AND PROGNOSIS 


Massive LV dilation is an independent contributor 
to poor outcome in humans with advanced heart fail- 
ure, and it may sometimes be stabilized by aggressive 
drug therapy.*** “° In cases of taurine deficiency myo- 
cardial failure treated with oral taurine, echocardio- 


graphic improvements become noticeable between 3 
and 16 weeks after beginning taurine supplementa- 
tion, but time to recovery is extremely variable. In 
severely affected cats, mortality is significant within the 
first 30 days of treatment. Cats surviving more than 1 
month remain clinically stable after adequate taurine 
intake is ensured, and discontinuation of all drugs is 
usually possible.2* Echocardiographic improvements 
include decreased LV end-systolic and end-diastolic di- 
mensions, increased LV wall thickness, and improved 
LV fractional shortening, although not always to com- 
pletely normal levels.?*: 272. 275, 276 Cats with idiopathic 
myocardial failure do not respond to taurine adminis- 
tration. Their clinical course is unpredictable, but 
symptomatic cats generally have poor prognosis, with 
a median survival of approximately 13 days.” A minor- 
ity of cats may have a prolonged period of clinical 
stability, and survival up to 3 years occasionally has 
been observed. Thromboembolism is a grave complica- 
tion of cardiomyopathy regardless of cause. 


ENDOCARDIAL FIBROELASTOSIS 


This rare disease is characterized by diffuse thick- 
ening of left ventricular endocardium due to prolifera- 
tion of fibrous and elastic tissue.’ “4” There is similarity 
between the primary form of endocardial fibroelastosis 
(EFE) reported in humans**’ ** and that in cats. Endo- 
cardial fibroelastosis has chiefly been reported in Sia- 
mese® *. 30 and Burmese breeds. A familial pattern of 
inheritance has been described in Burmese cats.” 
Because clinical signs typically develop between 3 
weeks and 4 months of age,” EFE traditionally has 
been regarded as a congenital disorder. However, re- 
cent evidence supports a hypothesis that human endo- 
myocardial fibroelastosis is a sequela of viral myocardi- 
tis, with rapid progression to end-stage.” 

In cats, a clear separation may not exist between 
clinical signs exhibited by cats with dilated cardiomy- 
opathy and those of EFE. Reported findings with EFE 
include dyspnea, systolic murmur of mitral insuffi- 
ciency, gallop rhythms, tachycardia, hydrothorax, asci- 
tes, ECG changes (especially increased R wave voltage), 
and severe LA and LV enlargement on radiography. At 
necropsy, the heart weight is increased; there is dila- 
tion of the LV and to lesser degree, the LA; and the 
LV wall is thin. Characteristically, the LV endocardium 
is diffusely thickened and appears gray-white and 
opaque.” Histologic features are striking and reveal an 
LV endocardium thickened by dense collagenous and 
elastic fibers. Therapy has been unrewarding. A sec- 
ondary variety of EFE, with focal areas of opaque fi- 
broelastic thickening of the mural endocardium, has 
been reported in association with congenital malfor- 


mations.°** 


ARRHYTHMOGENIC RIGHT 
VENTRICULAR CARDIOMYOPATHY 


DEFINITIONS AND NOMENCLATURE 


Arrhythmogenic right ventricular cardiomyopathy 
(ARVC) is characterized by progressive fibrofatty infil- 
tration of the right ventricular myocardium. Initially, 
this is a regional phenomenon. It progresses to global 
right ventricular involvement with some left ventricular 
involvement and relative sparing of the ventricular 
septum.* °°. 366 Classification schemes often overlap or 
are controversial, and the literature contains a number 
of confusing terms. Some investigators have used dys- 
plasia (i.e., ARVD), a term that implies abnormal tissue 
growth and differentiation, to describe this disease.**” 
However, since this morbid entity is considered a pro- 
gressive heart muscle disease of unknown etiology, a 
recent survey by the World Health Organization found 
a consensus for the term cardiomyopathy (i.e., 
ARVC).3 358 

A number of clinical forms of ARVC have been 
described in humans and are classified under two ma- 
jor subheadings: (1) isolated RV dysplasia (includes 
the pure form of ARVC, RV outflow tract tachycardia, 
Uhl’s anomaly, nonarrhythmogenic ARVC, and oth- 
ers), and (2) dysplasia with major LV involvement.” 
Arrhythmogenic RV cardiomyopathy characterized by 
fibrofatty replacement of RV myocardium, with or 
without changes in wall thickness, should be differenti- 
ated from Uhl’s anomaly, which is distinguished by par- 
tial or total absence of RV myocardium. The latter 
causes marked RV wall thinning because of relative 
apposition of endocardium and epicardium.*” 


PREVALENCE AND DEMOGRAPHICS 


Many cases of ARVC are misdiagnosed as tricuspid 
valve dysplasia, but recognition of this distinctive car- 
diomyopathy should increase as its clinicopathologic 
features become more widely published. The preva- 
lence of ARVC in cats is currently unknown, but it is 
estimated to represent 2 percent to 4 percent of feline 
myocardial diseases diagnosed at The Animal Medical 
Center. Cats from 2 to 20 years of age have been 
identified with ARVC, and several breeds have been 
represented. 


ETIOLOGY 


The polymorphism and wide clinical spectrum of 
ARVC may be related to consecutive stages of cardio- 
myopathic disease progression.**' The majority of hu- 
mans (80 percent)? and cats*** with fibrofatty 
ARVC have lymphocytic infiltrates within a background 
of fat interspersed within the myocardium. Thus, it has 
been speculated that inflammation in early forms of 
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the disease may lead to fibrosis and scarring, thereby 
transforming the fatty form of ARVC to the fibrofatty 
form, the latter representing an end-stage of a remote 
inflammatory process. Alternatively, inflammation may 
simply constitute a superimposed condition.** Recur- 
rent episodes of myocarditis could cause biventricular 
loss of myocytes, resulting in a pathologic condition 
similar to end-stage DCM.* In addition, an autoim- 
mune response could contribute to myocardial injury 
and dysfunction.*” Another potential etiology relates 
to massive destruction of myocytes through a mecha- 
nism of apoptotic myocardial cell death.* 367. 368 Lastly, 
ARVC has a familial occurrence in humans with au- 
tosomal dominant inheritance, various penetrance, 
and polymorphic phenotype expression.**’*” The pos- 
sibility that ARVC may be a result of genetic conse- 
quences in cats remains to be investigated. 


PATHOPHYSIOLOGY 


Arrhythmogenic right ventricular cardiomyopathy is 
a primary heart muscle disorder (cardiomyopathy). 
It constitutes a dynamic injury-repair process, with a 
tendency to progress from RV to LV involvement. It is 
characterized by a progressive loss of myocardium and 
fibrofatty replacement, which causes cardiac electrical 
instability. Whether myocarditis is a primary event or 
occurs secondary to cell death or an autoimmune pro- 
cess is still undetermined.*” Cell death and fibrofatty 
replacement constitute a pathologic substrate for ar- 
rhythmias, including supraventricular tachyarrhyth- 
mias and life-threatening ventricular tachycardia.*” 37 
Severe RV failure results from loss of functional myo- 
cytes. 


PATHOLOGY 


Characteristic gross changes in cats include marked 
RV and RA chamber enlargement (Figs. 28-22, 28-23). 
The RV wall thickness may be normal or severely 
thinned. Thinning may be focally aneurysmal (i.e., 
external bulging of a thinned ventricular region) or 
diffuse, and it may facilitate transillumination of light. 
There is trabecular disarrangement with loss of some 
trabecular structure, while other trabeculae are fused 
and distorted, particularly at the RV apex. The tricus- 
pid valve apparatus is distorted owing to severe RV 
dilation and resultant papillary muscle derangement. 
Histopathologic lesions are pathognomonic in cats and 
closely resemble human ARVC lesions. They can be 
divided into two types: (1) fibrofatty (the predominant 
form), and (2) fatty myocardial replacement. The fi- 
brofatty form consists of focal or diffuse fibroadipose 
replacement of myocytes spreading inward from the 
epicardium, with residual myocytes scattered within 
fibrofatty tissue. A less common but nevertheless dis- 
tinctive form is characterized by adipose replacement 
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of myocardium. Myocarditis (inflammatory infiltrates 
associated with myocyte damage or necrosis) is com- 
mon, particularly with the fibrofatty variety. 


CLINICAL MANIFESTATIONS 


HISTORY. The history may be vague and reveal only 
lethargy, anorexia, or dyspnea. Some cats have syncope 
due to sustained ventricular tachycardia. Because this 


FIGURE 28-22 

Gross transverse heart section from a cat with arrhythmogenic 
right ventricular cardiomyopathy. Characteristic findings include 
severe dilation of the right atrium (RA) and ventricle (RV), 
segmental RV wall thinning, and RV trabecular disruption and 
disorientation. 


condition may develop over a period of time, many 
cats can be asymptomatic. 


PHYSICAL EXAMINATION. Findings may reflect right- 
sided CHF, including tachypnea, dyspnea, distended 
abdomen, and jugular venous distention. Thoracic aus- 
cultation may reveal muffled heart and lung sounds if 
pericardial or pleural effusion is present. A holosys- 
tolic, regurgitant, soft to medium intensity murmur of 


FIGURE 28-23 


Gross specimens sectioned sequentially in cross section from a cat with arrhythmogenic right 
ventricular cardiomyopathy. The right ventricle (RV) is severely dilated. TV, tricuspid valve. 


- 


tricuspid regurgitation is detected in some cats, 
whereas in others no murmur is present. Femoral arte- 
rial pulse deficits are associated with arrhythmias. 


ELECTROCARDIOGRAPHY. Abnormalities include supra- 
ventricular tachycardias, conduction abnormalities, 
and ventricular ectopia, frequently with a left bundle 
branch type of pattern. Some cats may have no re- 
corded changes on short rhythm strips and require 
Holter monitoring to reveal arrhythmias. 


RADIOGRAPHY. Dramatic enlargement of the RA and 
RV is characteristic. Moderate to severe LA enlarge- 
ment may also be present. Pleural, pericardial, or ab- 
dominal effusions are common. 


ECHOCARDIOGRAPHY. Echocardiographic examination 
discloses severe segmental or diffuse RV dilatation, 
localized RV aneurysms (akinetic or dyskinetic areas 
with diastolic bulging), severe RA enlargement, abnor- 
mal trabecular muscle morphology (especially in the 
apical RV cavity), and often, LA enlargement with a 
normal LV or mild LV impairment (Fig. 28-24). Color 
flow Doppler echo may reveal mild to moderate tricus- 
pid regurgitation. Minor forms of ARVC will have simi- 
lar but less severe qualitative abnormalities. 


DIFFERENTIAL DIAGNOSIS 


The most common misdiagnosis is tricuspid dyspla- 
sia. Cats with ARVC have striking RV morphologic 
changes but no valve dysplasia. Tricuspid insufficiency 
may result from derangement of the tricuspid valve 
apparatus due to myocardial disease, and the valves 
are not dysplastic. Right ventricular hypertrophy is not 
a feature of ARVC. This excludes diseases causing RV 
dilation with RV hypertrophy (e.g., pulmonary hyper- 
tension, right-to-left intracardiac shunts). Biventricular 
involvement can make diagnosis of ARVC challenging. 
Pure myocarditis may be arrhythmogenic but would 
not include characteristic right-sided heart enlarge- 


FIGURE 28-24 


M-mode echocardiogram recorded at the mitral 
valve level from a cat with arrhythmogenic right 
ventricular cardiomyopathy. Notice the severe right 
ventricular dilation. RVW, right ventricular wall; RV, 
right ventricular cavity; /VS, interventricular septum. 
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ment. Uhl’s anomaly must be differentiated by histopa- 
thology. 


THERAPY 


Right-sided CHF is treated with furosemide, digoxin, 
and an ACE inhibitor. For atrial fibrillation or atrial 
tachycardia, digoxin combined with diltiazem or ateno- 
lol is used to maintain the resting heart rate between 
140 and 160 beats/min. Symptomatic ventricular tachy- 
cardia has been successfully managed acutely with lido- 
caine, 15 to 30 wg/kg/min constant rate infusion and 
chronically with sotalol (2 to 4 mg/kg q12h PO). 


NATURAL HISTORY AND PROGNOSIS 


This disease appears to progress through several 
phases in humans: an early “concealed”? phase in 
which sudden death may be the first manifestation; an 
overt arrhythmic phase; and a final stage of biventricu- 
lar heart failure resembling dilated cardiomyopathy. 
Accordingly, this disorder is no longer considered to 
be limited just to the right side of the heart. The 
natural history of ARVD is not known in felines, al- 
though an arrhythmic phase and a right-sided or biven- 
tricular CHF phase has been observed in cats. Treat- 
ment of right-sided CHF has been unrewarding, 
although management of severe ventricular tachyar- 
rhythmias for more than 1 year has been possible. 


OTHER MYOCARDIAL DISEASES 


INCREASED LV MODERATOR BANDS 


A pathologic condition associated with abnormal 
networks of LV moderator bands has been reported in 
some cats with cardiomyopathy and heart failure.* 5 7 
22, 266 


22,266 The significance of these bands and their relation- 
ship to the presence of concurrent heart disease is 
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uncertain because many healthy cats also have net- 
works of LV moderator bands. In a study of 21 cats 
with increased moderator bands, 11 older cats (mean 
age, 8.7 years) had dilation of the LV, and 8 younger 
cats (mean age, 4 years) had LV or septal hypertro- 
phy.” Many of the clinical and pathologic findings 
described were typical of feline DCM or HCM. Mean 
heart weight in cats with increased moderator bands 
was less than that in cats with HCM or DCM. Also, 
conduction disturbances and bradycardia were more 
common in cats with increased moderator bands com- 
pared with cats with other myocardial disorders. It was 
hypothesized that extensive networks of LV moderator 
bands (Fig. 28-25) may cause or contribute to cardiac 
dysfunction in some cats, but that in many instances, 
they are an incidental congenital anomaly. 


UNCLASSIFIED CARDIOMYOPATHIES 


Some myocardial diseases have features that do not 
fit into a discrete category of HCM, RCM, DCM, or 
ARVC or display characteristics of more than one type 


FIGURE 28-25 


Heart from an adult cat that died of congestive heart failure. This 
gross specimen is transected through the left ventricular outflow 
tract and body of the left ventricle. There is an abnormal network 
of thickened and excessive moderator bands which bridge the 
ventricular septum and free wall. The left atrium was moderately 
enlarged and mild LV hypertrophy was documented by 
echocardiography. 


of cardiomyopathy. These cases are more appropriately 
labeled “unclassified cardiomyopathies.”* Their de- 
scription can be enhanced by adding a qualifier de- 
scribing the status of systolic function (i.e., normal 
versus myocardial failure), as the case may be. 


SECONDARY MYOCARDIAL 
DISEASES 


HYPERTHYROIDISM (CHAPTER 34) 


Hyperthyroidism is the most common endocrine dis- 
order of cats. No sex or breed predilections have been 
identified. Cardiovascular abnormalities are detected 
in most affected animals, some of which develop ar- 
rhythmias and signs of CHF. Early studies reported 
CHF in as many as 20 percent of affected cats, but 
the prevalence of this complication appears to have 
declined with increased awareness and earlier diagno- 
sis. 


ACROMEGALY 
(HYPERSOMATOTROPISM) 


A syndrome resembling acromegaly in humans was 
reported in middle-aged and older cats, with a predis- 
position for neutered males. These animals had growth 
hormone-secreting tumors of the pituitary gland.*” 376 
In one study of 14 cats, cardiovascular abnormalities 
included systolic murmurs (9/14), radiographic evi- 
dence of cardiomegaly (12/14), and _ echocardio- 
graphic evidence of septal (7/8) and LV wall (5/8) 
hypertrophy. None had ECG abnormalities. Blood 
pressure measurements were not reported. Six cats 
developed congestive heart failure. Necropsy of 10 cats 
revealed LV dilation in 1 cat and LV hypertrophy in 7 
others. Myocardial histologic lesions included myofiber 
hypertrophy, multifocal myocytolysis, interstitial fibro- 
sis, and intramural arteriosclerosis.*” Hypersomato- 
tropism with LV hypertrophy and heart failure has also 
been identified in a glucose-intolerant, nondiabetic, 
12-year-old male cat.” One study has reported in- 
creased plasma growth hormone concentration in 
some cats with HCM,'™ although the significance of 
this finding, and the pathogenesis of heart disease in 
cats with acromegaly, remain unclear. 


SYSTEMIC HYPERTENSION (CHAPTER 35) 


The incidence of clinically significant feline systemic 
hypertension is unknown, although it is an important 
cause of morbidity in geriatric cats. A variety of sys- 


FIGURE 28-26 


Transverse gross heart section from a cat with pericardial 
and pleural effusion, distended jugular veins, and 
pulmonary edema. Lymphosarcoma had metastasized to 
occupy both atria (obstructing venous return) and the left 
ventricular chamber. 


temic and metabolic diseases are associated with this 
condition in cats, especially hyperthyroidism and 
chronic renal disease, as well as idiopathic arterial 
hypertension. The pathologic features of feline hyper- 
tensive cardiomyopathy have not been described in 
cats and may be indistinguishable from those de- 
scribed in feline HCM. Suitable therapeutic strategies 
have now become available for many cases. 


MISCELLANEOUS DISORDERS 


INFILTRATIVE MYOCARDIAL DISEASE 


Neoplastic cardiac infiltration is rare, and most cases 
involve lymphosarcoma in cats (Fig. 28-26). Diagnosis 
is usually suspected from radiographs and can some- 
times be confirmed by echocardiography. Other car- 
diac tumors reported in cats include chemodectoma, 
metastatic hemangiosarcoma, pulmonary carcinoma, 
and mammary gland carcinoma.*” ?°* 377, 377a Reported 
cardiac abnormalities include arrhythmias and pericar- 
dial and pleural effusion. Regression of neoplastic in- 
filtration was observed in one cat with lymphoma fol- 
lowing treatment with combination chemotherapy.”*™* 


DRUGS, TOXINS, AND PHYSICAL INJURY 


Many agents can injure the heart, but very few are 
identified in feline practice. Doxorubicin has received 
the most attention.®”*°*° Decreased fractional shorten- 
ing and increased LV end-systolic dimensions were 
recorded in 4 of 6 experimental cats given cumulative 
doses of 170 to 240 mg/m.**° However, neither heart 
failure nor ECG abnormalities were observed. Patho- 
logic changes were evident, including extensive myo- 
cyte vacuolization and myocytolysis. Similar clinical 
observations have been reported in cats with malignan- 
cies treated with doxorubicin. None developed overt 
heart failure, and arrhythmias were only rarely 
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observed.**: °” Heat stroke and blunt trauma (e.g., 
“high-rise” syndrome) are the most common physical 
causes of myocardial injury. 


MYOCARDITIS 


Although myocarditis is infrequently recognized, 
it may play an important role in certain myocardial 
diseases (see earlier etiology discussions for RCM, 
DCM, and ARVC),!41: 242, 244, 256-262, 276, 359-366, 381, 382 A syn- 
drome of acute, nonsuppurative myocarditis and 
acute, unexpected death was described in 25 young 
cats (mean age, 2.6 years).**' Pathologic lesions in- 
cluded diffuse or focal endomyocardial infiltration 
with mononuclear cells and occasional neutrophils. 
Etiology was not identified. Other reported causes of 
myocarditis in cats include toxoplasmosis*** and meta- 
static infection from sepsis or bacterial endocarditis 
(Fig. 28-27) (4-7, 35, 37, 384, 385 


FIGURE 28-27 


Photomicrograph of a left ventricular section from a cat with 
suppurative myocarditis. There is a diffuse, moderate inflammatory 
infiltrate comprised predominantly of neutrophils. (Hematoxylin 
and eosin stain, 100X.) 
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PERSISTENT ATRIAL STANDSTILL AND OTHER 
UNCOMMON DISORDERS 


Persistent atrial standstill has been reported in 11 
cats (8 Siamese, one Burmese, two mixed-breed 
cats).*®® 8° Seven cats were necropsied, and all had 
DCM with severe atrial myocardial atrophy. In contrast 
to dogs with atrial standstill, none of the cats had 
evidence of skeletal muscular dystrophy. In this series, 
persistent atrial standstill appeared to be an uncom- 
mon sequela of chronic DCM. Cardiac involvement 
has been described in several cats with a Duchenne-like 
muscular dystrophy.**’? Genetic mucopolysaccharidosis 
has been reported in cats—Hurler’s syndrome (MPS 
I) in domestic shorthair cats*** and Maroteaux-Lamy 
syndrome (MPS VI) in Siamese cats,**’ but cardiac 
involvement has not been significant. Conduction sys- 
tem lesions may occur in cats with cardiomyopathy. 
Bundle branch fibrosis, infiltration, and degeneration 
and AV node degeneration have been reported.® ®% 


ARTERIAL 
THROMBOEMBOLISM 


DEFINITIONS AND NOMENCLATURE 


Thrombotic and thromboembolic complications of 
feline cardiomyopathy have long been recognized.**! 
Thrombosis represents clot formation within a cardiac 
chamber or vascular lumen. Thrombi can be located 
in the left atrial cavity (often referred to as “ball” 
thrombus), left ventricular cavity, or both. Within the 
LA, thrombus may be found in the body of the LA, in 
the atrial appendage, or in a combination of these 
areas. Embolization occurs when a clot or other foreign 
material lodges within a vessel.” 9 The systemic arte- 
rial system is almost exclusively involved, as right-sided 
heart and deep venous thrombosis are rare in cats. 


PREVALENCE AND DEMOGRAPHICS 


Cardiogenic emboli frequently complicate the 
course of myocardial disease and result in significant 
morbidity and mortality.+” 9, 21, 22, 24, 25, 33-37, 69, 99, 394-396 At 
necropsy, thromboembolism has been reported in up 
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to 48 percent of HOM cats,”* 6-38 29 percent of RCM, 
25 percent of DCM,** 8 and 14 percent of cats with 
excessive LV moderator bands.” The prevalence in 
the general population is undoubtedly less than that 
detected from necropsy surveys. Clinical studies have 
reported incidences of arterial thromboembolism 
ranging from 16 percent to 18 percent in taurine 
deficiency DCM;*”:?”° 18 percent in idiopathic myocar- 
dial failure; 12 percent in HCM;* 13 percent of cats 
with nondilated LV hypertrophy;'*' and 19 percent of 
46 HCM cats either at clinical presentation or during 
long-term follow-up.” Most cats with systemic arterial 
thromboembolism have CHF concurrently at the time 
of clinical embolism.*” * Thromboembolism is un- 
common with hyperthyroidism, and a 3 percent inci- 
dence of thyrotoxicosis was recorded in 100 cats with 
saddle embolism.*”° 

Age of occurrence for thromboembolism ranged 
from 1 to 20 years (mean, 7.7 years; median, 10.5 
years) in one report. The highest incidence occurred 
in 4 and 7-year-old cats. A male preponderance was 
recorded (67 percent); 63 percent were neutered. 
Ninety-one percent were domestic varieties.*”° 

The site of cardiogenic embolism is variable, but 
distal aortic (“saddle”) embolization is the predomi- 
nant clinical location in more than 90 percent of cats 
affected with thromboembolic complications (Fig. 28- 
28). The right brachial artery is occasionally occluded 
(the left brachial artery is only rarely embolized). Left- 
sided heart mural thrombi are sometimes present (see 
Figs. 28-14, 28-15), particularly in the left auricle and 
less often in the left ventricle. Various other organs 
may become embolized as a consequence of systemic 
embolic “showers,” especially the kidneys and, less 
often, the mesenteric arteries. 


PATHOPHYSIOLOGY 


Pathogenesis of thrombosis requires one or more of 
three essential conditions to be present: (1) local 
vessel or tissue injury, (2) circulatory stasis, and (3) 
altered blood coagulability. Known as Virchow’s triad,*”” 
these prothrombotic factors are invariably present to 
some degree in myocardial diseases that make cardio- 
myopathic cats predisposed to thromboembolic events. 


LOCAL TISSUE INJURY. Endomyocardial injury is com- 
mon in all forms of feline cardiomyopathy,” *!: 24-26, 36, 


FIGURE 28-28 


Dissection exposing the distal aorta of cat with restrictive 
cardiomyopathy that died from heart failure. There is an 
occlusive saddle embolism at the aortic trifurcation. The distal 
posterior vena cava is just above the aorta. 


99, 104, 266, 392 Myocardial infarction, endomyocarditis, or 
aneurysms may occur. More commonly, endothelial 
fibrosis may be present in the left atrium, left ventricle, 
or both. Areas of fibrosis may be patchy, focal, or 
diffuse and are composed of hyaline, fibrous, and gran- 
ulation tissue with collagenous fibers. Such lesions may 
present reactive substrates to circulating blood and 
trigger a thrombotic process by inducing platelet adhe- 
sion and aggregation, with subsequent activation of 
the intrinsic clotting cascade. In addition to fibrillar 
collagen, exposed thromboplastin or tissue factors may 
contribute to thrombogenicity.** ** 


STASIS. Blood stasis predisposes to thrombosis.'®*: 164. 
170,405 Cardiac chamber dilation, particularly when asso- 
ciated with reduced contractility, results in large end- 
systolic volumes and blood stasis.” “°° Thrombi are 
most frequently found in the left atrial appendage in 
cats regardless of the type of cardiomyopathy, presum- 
ably the consequence of poor atrial emptying. Im- 
paired blood flow decreases clearance of activated clot- 
ting factors, which sets up clot formation in areas of 
tissue injury. 


HYPERCOAGULABLE STATES. A hypercoagulable envi- 
ronment may be present in some cardiomyopathic cats 
with thromboembolism. Disseminated intravascular co- 
agulation associated with consumptive coagulopathy, 
liver-mediated coagulopathy, or thromboembolism was 
present in more than 75 percent of affected cats. 48 
In addition, feline platelets are very reactive and re- 
sponsive to adenosine diphosphate (ADP) and other 
agonists of platelet aggregation.*” *!° Serotonin, a vaso- 
active amine, is released from platelets where it is 
present in high concentrations in cats and further 
enhances platelet activation.*!' Others have reported 
that platelets from cats with cardiomyopathy had in- 
creased responsiveness (aggregation) to collagen but 
decreased responsiveness to ADP.*? Recently, the in- 
fluence of hypercoagulable states in human thrombo- 
genesis has become the focus of great interest, and a 
large menu of tests has emerged to evaluate these 
disorders. The hypercoagulable states most commonly 
evaluated in humans at this time include resistance to 
factor V Leiden (APC), proteins C and S deficiency, 
antithrombin III (AT III) deficiency, antiphospholipid 
syndrome, and hyperhomocysteinemia.*!* In a study of 
11 cats with cardiomyopathy (7 due to hyperthyroid- 
ism), mean AT III activity was increased and AT III 
behaved as an acute-phase reactant.*! It is interesting 
that hyperhomocysteinemia is present in some cardio- 
myopathic cats with thrombosis (Hohenhaus AE, Si- 
mantoy R, Fox PR, unpublished data, 1998). These 
and related conditions must be more fully evaluated 
in cats with systemic thromboembolism and may play 
a significant role in their management and prevention. 
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FIGURE 28-29 


Distal aortic angiogram from a healthy cat illustrates the normal 
vascular anatomy in the region of the aortic trifurcation. 


ROLE OF COLLATERAL CIRCULATION. Collateral circula- 
tion plays a critical role in progression and resolution 
of clinical thromboembolic disease (Fig. 28-29), and 
it is modulated by vasoactive substances (e.g., seroto- 
nin and others) released by the clot and other sub- 
strates.*!* *!° For example, simple distal aortic ligation 
does not duplicate the clinical syndrome caused by a 
saddle embolus, whereas experimentally induced aor- 
tic thromboembolism simulates the naturally occurring 
syndrome.*'® *!7 Chemicals such as thromboxane As 
also cause vasoconstriction* whose synthesis can be 
reduced by antiprostaglandin drugs such as aspirin.*'? 


PATHOLOGIC CONSEQUENCES OF OCCLUSIVE ISCHEMIA. 
The functional integrity of an extremity depends to a 
large extent on adequate arterial blood supply. Sudden 
arterial occlusion with almost instantaneous and com- 
plete interruption, coupled with decreased collateral 
circulation, causes substantial tissue injury. Ischemic 
neuromyopathy is a predictable consequence of arte- 
rial occlusion and, in particular, of clot associated with 
inhibition of collateral circulation (Fig. 28-30).*° Is- 
chemia abolishes rapid axoplasmic neuronal flow caus- 
ing conduction failure, which becomes irreversible 
after 5 or 6 hours. Distal aortic (saddle) embolization 
causes peripheral nerve lesions, starting at the mid- 
thigh region. The majority of nerve fibers display a 
wallerian-type of degeneration while some exhibit 
damage to the myelin sheath only. Clinically, the dura- 
tion of peripheral nerve function can induce patho- 
logic neuromuscular changes. Focal necrosis, myopha- 
gia, and architectural changes may be evident 
histologically.*° Distal limbs below the stifle are most 
severely injured. Cranial tibial muscles are more af- 
fected than gastrocnemius muscles, inhibiting hock 
flexion more than extension. Hip flexion and exten- 
sion are maintained. The result is a dragging motion 
of the hind legs. Distal limb sensation is severely af- 
fected.“ 
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FIGURE 28-30 


Distal aortic angiogram of a cat with hypertrophic cardiomyopathy 
taken two days after it developed acute posterior paresis. The 
aortic dye is abruptly interrupted (black arrows) by a saddle 
embolism located at the aortic trifurcation. A small column of 
contrast dye (open arrows) appears distal to the block and indicates 
partial recanalization. However, there is no significant collateral 
circulation. 


CLINICAL MANIFESTATIONS 


The clinical consequences of arterial thromboembo- 
lism depend upon (1) the site of embolization, (2) the 
severity and duration of occlusion, (3) the degree of 
functional collateral circulation, and (4) development 
of serious complications (e.g., hyperkalemia, limb ne- 
crosis, self-mutilation). If thromboembolism is sus- 
pected, a minimum data base should be generated to 
include thoracic radiographs, ECG, echocardiogram, 
biochemical profile, urinalysis, and feline leukemia 
virus/feline immunodeficiency (FeLV/FIV) test. 


HISTORY. Distal arterial embolism characteristically 
results in peracute clinical signs of lateralizing paresis, 
vocalization, and pain. Occasionally, intermittent clau- 
dication or right front paresis is reported. Signs of 
CHF are often present concurrently, including dysp- 
nea, tachypnea, anorexia, and syncope. 


PHYSICAL EXAMINATION. Clinical signs are attributable 
to CHF and specific tissues or organs that are embo- 
lized (e.g., azotemia from renal infarction, bloody diar- 
rhea from mesenteric infarction, posterior paresis from 
saddle embolus). More than 90 percent of affected 
cats present with a lateralizing posterior paresis caused 
by a “saddle clot” at the distal aortic trifurcation (Fig. 
28-31). Clinical signs are characterized by the four Ps 
that relate to the extremities: Paralysis, Pain, Pulselesness 
(lack of palpable femoral arterial pulses), and Polar 
(cold distal limbs and pads). Cranial tibial and gastroc- 
nemius muscles are often firm or become so from 
ischemic myopathy by 10 to 12 hours postemboliza- 


FIGURE 28-31 


Cat with restrictive cardiomyopathy and lateralizing posterior 
paresis caused by a distal aortic (saddle) embolism. This animal 
originally presented with bilateral posterior paresis. It gradually 
regained motor ability of its left rear leg, which became weight 
bearing at the time of this photograph taken two weeks after initial 
presentation, However, an additional three weeks was required for 
the cat to support weight on its right rear leg. 


tion. In most cases they become softer 24 to 72 hours 
later. Acutely affected cats can move their back legs by 
virtue of flexing and extending the hip in a “drag- 
ging” manner, but they cannot flex and extend the 
hock. Invariably, one leg is more severely affected than 
the other. Nail beds are cyanotic, and distal limbs 
are commonly swollen. Occasionally, a single brachial 
artery is embolized, causing monoparesis (usually the 
right front leg) (Fig. 28-32). Intermittent claudication 
may be observed. In such cases arterial pulses may be 
palpated, foot pads feel warm (normal), and nail beds 
are not cyanotic. This frequently precedes a more se- 
vere thromboembolic event. Less common sites of em- 


FIGURE 28-32 


Cat with hypertrophic cardiomyopathy and acute right front leg 
paresis caused by brachial artery embolization. 


FIGURE 28-33 


Kidneys from a cat managed for chronic heart failure, 
cardiomyopathy, and thromboembolism. Renal surfaces contain 
irregular sunken regions caused by chronic infarction. 


bolization include renal, mesenteric, pulmonary, coro- 
nary, and cerebral arteries (Figs. 28-33, 28-34, 28-35). 
Occlusion of these sites may cause rapidly progressive 
deterioration and death. Abnormalities detected dur- 
ing thoracic auscultation are common, including heart 
murmurs, gallop rhythms, pulmonary crackles, or muf- 
fled heart and lung sounds. Most affected cats are 
clinically dehydrated, and many are hypothermic. 


THORACIC RADIOGRAPHY. Cardiomegaly is usually evi- 
dent. In most cases biatrial enlargement is present, 
and the left auricular appendage is often prominent 
in the ventrodorsal or dorsoventral view. The majority 
of affected cats have concurrent extracardiac signs of 
congestive heart failure (e.g., pulmonary edema, pleu- 
ral effusion) .** *° °°° Normal cardiac silhouettes were 
reported in 11 percent of cats with thromboembo- 
lism?” 


ELECTROCARDIOGRAPHY. In one large retrospective 
study of cats presenting for thromboembolism, 85 per- 
cent had ECG changes whereas only 15 percent had 
no ECG abnormalities. Sinus rhythm was present in 60 
percent. Seven percent had supraventricular tachycar- 
dia, including atrial fibrillation; 3 percent had ventricu- 
lar tachycardia; and 28 percent had sinus tachycardia. 
Isolated supraventricular (19 percent) and ventricular 
extrasystoles (19 percent) were also recorded.”® As 
underscored by continuous ECG (Holter) recordings 
in cats with CHF and systemic thromboembolism, im- 
portant changes can occur in heart rate and rhythm. 
Development of atrial standstill and a sinoventricular 
rhythm indicates hyperkalemia, a catastrophic conse- 
quence of reperfusion muscle injury.” 


CLINICAL PATHOLOGY. Most cats have clinical pathol- 
ogy abnormalities.”® 47 48 Elevated BUN and creati- 
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nine levels were recorded in a little over half of cats at 
presentation.** Mild prerenal azotemia is common 
since many cats are dehydrated, although renal in- 
farction may play a role in some cases.* 5 8 266, 4107 Serum 
concentrations of alanine aminotransferase (SGPT) 
and aspartate aminotransferase (SGOT) are elevated 
by about 12 hours and peak by 36 hours postemboliza- 
tion, indicating hepatic and skeletal muscle inflamma- 
tion and necrosis. Lactate dehydrogenase (LDH) and 
creatine phosphokinase (CPK) enzymes are greatly in- 
creased shortly after embolization, indicating wide- 
spread cellular injury. Hyperglycemia, mature leukocy- 
tosis, lymphopenia, and hypocalcemia may be present. 
Acute hyperkalemia can result from reperfusion injury 
of skeletal muscles downstream from the embolus. Hy- 
pokalemia is a common Consequence of anorexia and 
diuretic therapy.” 7 © Coagulation abnormalities may 
be detected.** Some affected cats have hyperhomocys- 
teinemia (Hohenhaus AE, Simantov R, Fox PR, unpub- 
lished data, 1998). 


ECHOCARDIOGRAPHY. Echocardiography provides 
rapid, noninvasive assessment of cardiac structure and 
function, detects intracardiac thrombi when present, 
and thereby assists in formulating appropriate therapy 
and prognosis. Multiple imaging planes are required 
to detect small mural thrombi, particularly in the left 
auricular appendage. Spontaneous echo contrast 
(“smoke”) may be present in the LA or LV. It is 
associated with blood stasis and is considered a har- 
binger and marker for increased thromboembolic 
risk’! (see Fig. 28-14). The mechanism of smoke 
has been attributed to erythrocyte aggregation at a 
low shear rate’®:'®° or platelet aggregates.'°” 1 (See 
Spontaneous Echo Contrast [“Smoke’’] and Stasis, un- 
der Hypertrophic Cardiomyopathy, earlier.) Left atrial 
enlargement (LAE) is usually but not invariably pres- 
ent. In a retrospective study of cats with saddle emboli, 
severe LAE (LA:Ao ratio = 2.0) was recorded in 57 
percent, moderate LAE (LA:Ao 1.63 to 1.99) in 14 
percent, mild LAE (LA:Ao, 1.25 to 1.629) in 22 per- 
cent, and 5 percent of cats had normal LA measure- 
ments (LA:Ao < 1.25) .5% 


ANGIOCARDIOGRAPHY. Nonselective angiocardiogra- 
phy can be considered in the stabilized patient if echo- 
cardiography is not available. In this scenario, it can 
help determine the type of cardiomyopathy and dis- 
close the presence of LA or LV ball thrombi, if any. It 
is occasionally used to determine the anatomic loca- 
tion or extent of systemic thromboembolism and to 
assess collateral flow (see Figs. 28-29, 28-30, 28-34, 
28-35). The technique is relatively simple and requires 
sedation, jugular venipuncture with a large-gauge (e.g., 
19-gauge) needle, hand injection of radiocontrast dye 
(0.8 to 1.8 mg/kg IV), and rapid, sequential exposure 
of radiographic cassettes.''' This technique is not with- 
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out risk in decompensated animals. Severe myocardial 
failure and hemodynamically or electrically unstable 
arrhythmias constitute relative contraindications. 


DIFFERENTIAL DIAGNOSES 


Differential causes of acute posterior paresis include 
trauma, intervertebral disc extrusion, spinal lympho- 
sarcoma and other neoplasia, and fibrocartilaginous 
infarction. Acute front leg monoparesis can be caused 
by trauma, foreign body, and brachial plexus avulsion. 
The diagnosis is relatively easy to confirm by physical 
examination (gallop rhythm; murmur; arrhythmias; 
cold, pulseless limbs), radiographic and echocardio- 
graphic evidence of cardiomegaly and often heart fail- 
ure, and clinical pathology abnormalities. Thrombo- 
embolism uncommonly occurs in the setting of a 
structurally normal or mildly abnormal heart. Neopla- 


FIGURE 28-34 


Aortic angiogram from a cat with thromboembolic 
complications of cardiomyopathy. The dye is 
blocked just past the renal arteries, indicating a 
massive embolism distal to this location. 


sia is sometimes discovered in the thorax or abdomen 
(although the mechanistic relationship, if any, is un- 
clear), or systemic inflammation or endocarditis can 
represent cardiovascular sources of emboli. 


NATURAL HISTORY AND PROGNOSIS 


Short-term prognosis depends on the nature and 
responsiveness of the cardiomyopathic disorder and 
heart failure state. In cases of saddle embolism, motor 
ability may begin to return in one or both legs within 
10 to 14 days (see Fig. 28-31). By 3 weeks, significant 
motor function (i.e., hock extension and flexion) has 
often returned, typically better in one leg than in the 
other. Motor function may be completely normal by 4 
to 6 weeks, although a conscious proprioceptive deficit 
or conformational abnormality (e.g., extreme hock 
flexion) may persist in one leg. Unfortunately, most 


FIGURE 28-35 


Nonselective angiocardiogram from a cat with hypertrophic 
cardiomyopathy with congestive heart failure, posterior 
paresis, and bloody diarrhea. The aorta is occluded by a 
massive embolism after it enters the abdomen. The diarrhea 
was associated with ischemic bowel necrosis. Notice the gas- 
filled loops of bowel. The cat experienced acute renal 
failure and hyperkalemia and died. 


cats experience additional thromboembolic episodes 
within days to months of the initial event, although 
survivals of several years, including repeat embolic epi- 
sodes, have been observed.* *7 47 In one large retro- 
spective study, 34 of 92 cats (37 percent) survived an 
initial event of saddle embolism. Follow-up informa- 
tion was available for 22 of these 34 cats, and an 
average long-term survival of 11.5 months was re- 
corded,” 


CLINICAL INDICATORS OF A RELATIVELY FAVORABLE PROG- 
Nosis. Thromboembolism is a well-established cause of 
morbidity and mortality and represents a severe clini- 
cal complication. A more favorable prognosis may be 
suggested by (1) resolution of CHF and/or control of 
serious arrhythmias, (2) lack of LA/LV thrombi or 
spontaneous echo contrast, (3) re-establishment of ap- 
petite, (4) maintenance of relatively normal BUN/ 
creatinine and electrolyte levels, (5) return of limb 
viability and function (e.g., loss of swelling, return of 
normal limb temperature, return of motor ability), (6) 
return of femoral arterial pulses and pink nail beds, 
(7) lack of self-mutilation, and (8) committed owner. 


CLINICAL INDICATORS OF GRAVE PROGNOSIS. A number 
of morbid events confer a grave prognosis: (1) refrac- 
tory CHF or development of malignant arrhythmias, 
(2) acute hyperkalemia (from reperfusion of injured 
muscles), (3) declining limb viability (e.g., progressive 
hardening of the gastrocnemius and anterior tibial 
muscle group (Fig. 28-36); failure of these muscles to 
become soft 48 to 72 hours after presentation; develop- 
ment of distal limb necrosis), (4) clinical evidence of 
multiorgan or multisystemic embolization (e.g., neuro- 
logic signs, bloody diarrhea, acute renal failure) which 
usually accompanies extensive thromboembolism (see 
Figs. 28-34, 28-35), (5) history of previous embolic 
episodes, (6) presence or development of LA/LV 
thrombus or spontaneous echo contrast, (7) rising 
BUN/creatinine levels, (8) disseminated intravascular 
coagulation, (9) unresponsive hypothermia, (10) se- 
vere LA enlargement with arrhythmia and myocardial 
failure, and (11) uncommitted owner with limited fi- 
nancial resources. 


Therapy of Thromboembolism 


TREATMENT GOALS 

Therapy is directed toward (1) managing concomi- 
tant CHF or serious arrhythmias when present, (2) 
general patient support, including nutritional supple- 
mentation, correction of hypothermia, and prevention 
of self-mutilation, (3) adjunctive therapies to limit 
thrombus growth or formation, (4) close patient moni- 
toring for limb viability, heart rate and rhythm, pro- 
gression or regression of CHF, BUN/creatinine and 
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FIGURE 28-36 


This cat with hypertrophic cardiomyopathy, congestive heart 
failure, and a saddle embolism developed severe atrophy of the 
right rear gastrocnemius and cranial tibial muscle groups. In this 
photograph the head is oriented to the right, the left rear leg is in 
the background, and the right rear leg is in the foreground. By 
four weeks post embolization, this resulted in permanent flexure 
contracture of the metatarsal-phalangeal joint while the other leg 
regained normal function. Despite these changes, the cat could 
walk on the dorsal aspect of its right proximal phalanges and 
tolerated a small, soft padded foot bandage, which the owner 
changed frequently. The pet maintained an indoor-outdoor life 
style and survived 14 months until it experienced a second 
embolism. 


electrolyte levels and appetite, and (5) prevention of 
repeated events. 


THROMBOLECTOMY 

Acutely affected cats are a high surgical/anesthesia 
risk due to CHF, hypothermia, disseminated intravas- 
cular coagulation, and arrhythmias.*” 9 9°97 395, 398, 406, 421 
Thus, acute embolectomy or surgery is generally con- 
traindicated. Results have been poor, and these proce- 
dures have fallen into disfavor. 


VASODILATOR THERAPY 

Various medical treatments have been proposed, al- 
though most are empirical and efficacy is unsubstanti- 
ated. The use of acepromazine maleate or hydralazine 
to encourage arterial vasodilation has been sug- 
gested.” *°° However, arterial dilation may not be uni- 
form, and flow to muscle beds may not be altered.*” 
Moreover, these agents are potentially hypotensive, 
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and they have not been shown to alter platelet-induced 
reduction of collateral flow caused by vasoactive chemi- 
cals such as serotonin. 


THROMBOLYTIC THERAPY 

RATIONALE. Limb and/or organ viability is enhanced 
by rapid resolution of arterial occlusion. Platelets con- 
stitute a large component of occlusive arterial emboli. 
In addition, activated platelets provide a catalytic sur- 
face for activation of prothrombin and factor X and 
may therefore contribute to thrombus initiation, 
growth, and extension.‘ 44 


STREPTOKINASE. Streptokinase and urokinase act by 
generating the nonspecific proteolytic enzyme plasmin 
through conversion of the proenzyme plasminogen. 
This causes a gencralized lytic state, with the incipient 
hazard of bleeding complications." Streptokinase was 
studied in a feline model of experimentally induced 
aortic embolism.” It was administered as an IV load- 
ing dose (90,000 IU/cat over 20 to 30 minutes), fol- 
lowed by a constant-rate infusion (45,000 IU/h) for 3 
hours. With this approach, streptokinase predictably 
produced systemic fibrinolysis with no detectable ad- 
verse effects, but it failed to produce significant im- 
provement as measured by venous angiograms, ther- 
mal circulatory indexes, or statistically significant 
reduction in mean thrombus weight. However, a stud- 
ied clinical evaluation of streptokinase in naturally oc- 
curring feline thromboembolism and cardiomyopathy 
has not been reported. 


RECOMBINANT TISSUE-TYPE PLASMINOGEN ACTIVATOR. Tissue 
plasminogen activator (t-PA) has a lower affinity for 
circulating plasminogen and does not induce a sys- 
temic fibrinolytic state. It binds to fibrin within the 
thrombus and converts the entrapped plasminogen to 
plasmin. This initiates a local fibrinolysis with limited 
systemic proteolysis.” Tissue plasminogen (Activase, 
Genentech) was evaluated in cats with spontaneous 
thromboembolism.*** It was administered IV at a rate 
of 0.25 to 1.0 mg/kg/hr for a total IV dose of 1 to 10 
mg/kg. Successful thrombolysis, defined as evidence 
of reperfusion within 36 hours of t-PA administration, 
was reported in 50 percent of the thromboembolic 
cats; 43 percent of the cats survived therapy and ambu- 
lated within 48 hours of presentation. However, 50 
percent of the cats died during therapy, which raised 
major concerns regarding rapid thrombolysis. Compli- 
cations resulted from hyperkalemia due to reperfusion 
syndrome (70 percent), heart failure (15 percent), or 
sudden death (15 percent). Bleeding into and around 
the kidney was also observed in several cats. Wide- 
spread clinical interest in this agent has been inhibited 
by its high cost. 


ANTICOAGULATION THERAPY 

RATIONALE. Anticoagulants (heparin, coumarin) have 
no effects on established thrombi. Their use has been 
based on the premise that by retarding clotting factor 
synthesis or accelerating its inactivation, thrombosis 
from activated blood-clotting pathways can be pre- 
vented. In cats who have suffered previous thrombo- 
embolism, or in patients with a predisposition for 
thrombosis, oral anticoagulant therapy may offer a 
decreased risk of thromboembolism in exchange for 
an increased risk of major hemorrhage. It should not 
be attempted without vigilant monitoring and appro- 
priate patient selection. 


HEPARIN. Heparin (heparin sodium, Liquaemin) 
binds to lysine sites on plasma antithrombin III, en- 
hancing its ability to neutralize thrombin and activated 
factors XII, XI, X, and IX; this prevents activation 
of the coagulation process.“ The efficacy of heparin 
therapy has been established in many human trials and 
in experimental animal models for prevention and 
treatment of venous and pulmonary arterial thrombo- 
sis. Efficacy in treating cats with spontaneously oc- 
curring thromboembolism has never been established, 
and its use for this indication remains controversial. 
Reported dosages vary widely. It may be administered 
at the time of admission as an initial IV dose (100 to 
200 IU/kg), then 50 to 100 IU/kg subcutaneously 
q6-8h.*”° The dose is then adjusted to prolong acti- 
vated partial thromboplastin time (APPT) one and a 
half to two times pretreatment values. Bleeding is a 
major complication. Clotting profiles must be closely 
monitored. 


COUMARIN. The coumarin drug warfarin (Coumadin 
Tablets, DuPont) impairs hepatic vitamin K metabo- 
lism, a vitamin necessary for synthesis of procoagulants 
(factors II [prothrombin], VII, IX, and X).*!' The ini- 
tial oral daily dosage (0.25 to 0.5 mg/cat) is adjusted 
to prolong the prothrombin time (PT) to twice the 
normal value; alternatively, it is adjusted by the interna- 
tional normalization ratio (INR) to maintain a value 
of 2.0 to 3.0, as follows: 


INR = [Cat prothrombin time + 
Control prothrombin time]'*! 


By this monitoring technique, evaluation of anticoagu- 
lant therapy with the PT is adjusted for variations in 
thromboplastin reagent and laboratory technique. The 
laboratory should provide an index of sensitivity of 
the thromboplastin reagent, called an international 
sensitivity index (ISI). Warfarin and heparin therapies 
are overlapped for several days in humans because 
when coumarin treatment is initiated, the level of pro- 
tein C (a naturally occurring antithrombotic protein) 
is decreased, creating a thrombogenic potential. Over- 


lapping heparin therapy theoretically counteracts this 
transient procoagulant effect before other vitamin K- 
dependent factors (factors II, IX, and X) are affected 
by warfarin.: The necessity for this maneuver in 
cats has not been established. Warfarin has been pro- 
posed by some cardiologists for chronic oral mainte- 
nance in cases of advanced myocardial disease. Most 
advise caution, or reserve it for cases of actual arterial 
embolism in indoor cats with attentive owners. Cefa- 
zolin, ketoconazole, metronidazole, neomycin, tetracy- 
cline, vitamin E, trimethoprim-sulfamethoxazole, and 
miconazole can potentially increase the effect of warfa- 
rin.“ Catastrophic hemorrhage is a potential compli- 
cation of coumarin therapy (Fig. 28-37). 


ANTIPLATELET AGGREGATION 

RATIONALE. Exposure of blood to subendothelial con- 
nective tissue leads to rapid platelet activation, forma- 
tion of platelet plugs, and subsequent thrombus. Pri- 
mary prevention is necessary since prothrombotic 
factors are prevalent in feline cardiomyopathy, and 
because prognosis for the treatment of thromboembo- 
lism is poor. Pharmacologic measures are directed to 
modify platelet aggregation. 


ASPIRIN. Aspirin can be used based upon its theoreti- 
cal benefit during and after a thromboembolic episode 
to prevent further embolic events. Aspirin induces a 
functional defect in platelets by irreversibly inactivat- 
ing (through acetylation) cyclo-oxygenase, an enzyme 
critical for converting arachidonic acid to throm- 
boxane Ag,***° and which in the vascular wall is 
responsible for converting arachidonic acid to prosta- 
cyclin.: Thromboxane A, induces platelet activa- 
tion (through release of platelet adenosine diphos- 
phate) and vasoconstriction (as does serotonin), 
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FIGURE 28-37 
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whereas prostacyclin inhibits platelet aggregation and 
induces vasodilation.*” *° The aspirin-induced acetyla- 
tion of the cyclo-oxygenase enzyme is irreversible and 
persists for the life of the platelet, which is 7 to 10 
days, as does platelet aggregation and release response 
to various agonists. 

In cats, aspirin (25 mg/kg, or 4 of a 5-grain tablet 
q48-72h PO) effectively inhibits platelet function for 3 
to 5 days and is relatively safe.” Improved collateral 
circulation has been demonstrated in aspirin-treated 
cats with experimentally created aortic thrombosis.*'? 
Concern regarding potential inhibition of prostacyclin 
by aspirin is not unfounded.*® + The optimal aspirin 
dose that will inhibit thromboxane A, production but 
spare vascular endothelial prostacyclin synthesis has 
not yet been established for cats. Because the value of 
aspirin in preventing a first occurrence of cardiogenic 
emboli is unknown, and its value in preventing throm- 
bus recurrence in cats with previous emboli is doubt- 
ful, there is need for clinical trials to assess this therapy. 
Side effects of aspirin are mainly gastrointestinal and 
can be severe with overdosage. 


AMPUTATION 

In situations of irreversible loss of limb viability, 
particularly limb necrosis, amputation provides an al- 
ternative to euthanasia when all other patient parame- 
ters are stable (Fig. 28-38). In selected cases, good 
quality of life has been achieved for up to 1 year 
postamputation, although repeated systemic emboliza- 
tion must be anticipated and is a limitation for long- 
term success. It should be noted that some cats who 


survive severe saddle embolus incur severe atrophy of 
their cranial tibial muscle group and sustain perma- 
nent flexure of their metatarsus (Fig. 28-36). Such 
patients, when cared for using a soft, padded protec- 


Postmortem of a cat that became acutely anemic and died while maintained on warfarin 
anticoagulation therapy. (A) The lungs contained multiple large areas of hemorrhage. (B) In 
addition to hemoabdomen, severe retroperitoneal bleeding had occurred (outlined by arrows 


adjacent to the colon and bladder). 
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FIGURE 28-38 


Cat with restrictive cardiomyopathy with a saddle embolism and heart failure. During the first week 
post embolization, the pet chewed and mutilated its distal extremities. The wounds filled with 
granulation tissue and slowly healed by second intention over an eight-week period. (A) Despite 
medical therapies, the distal left metatarsus became lichenified by about six weeks post embolization. 
These lesions progressed to avascular necrosis resulting in pathologic fracture and distraction at the 
proximal metatarsal region. (B) The left rear leg was amputated and the cat survived eight months 


before experiencing a second saddle embolism. 


tive bandage on the distal limb, may bear weight on 
the leg and otherwise achieve a good quality of life. 


SUPPORTIVE AND ADJUNCTIVE MEASURES 

Aspirin is administered for myalgia associated with 
ischemic myopathy, in addition to antiplatelet effects. 
Epidural analgesia with morphine (0.05 to 0.1 mg/kg 
one time) can be safe and effective when administered 
within the first 12 to 18 hours after embolization. Most 
affected cats are anorectic, dehydrated, and hypoka- 
lemic. It is important to maintain hydration, electrolyte 
balance, and nutritional support. If CHF has been 
resolved and the cat remains anorectic, placement of 
a nasoesophageal feeding tube is advocated for alimen- 
tation, particularly during the first week of therapy. 
Selfmutilation of distal limbs devitalized by an occlu- 
sive saddle embolus is commonly exhibited during con- 
valescence and is characterized by excessive licking or 
chewing of the toes or lateral hock. Application of a 
loose-fitting bandage, stockinette, or other barrier is 
usually effective. Placement of indwelling venous cathe- 
ters into veins of legs devitalized by occlusive embolus 
should always be avoided. 


PATIENT MONITORING 

Clinical pathology evaluations are dictated by patient 
status. Biochemical profiles are useful to assess renal 
function and electrolyte status, and coagulation pro- 
files (APTT, partial thromboplastin time [PTT], FSP, 
platelet count) are needed to evaluate anticoagulation 
therapy and detect disseminated intravascular coagula- 
tion. Sudden hyperkalemia can result from reperfusion 
syndrome (ischemic rhabdomyolysis and reperfusion) 
when arterial blood flow is re-established to a pre- 
viously ischemic region, resulting in acute catastrophic 


release of potassium into the systemic circulation. 
Since this may occur without warning, continuous ECG 
monitoring of hospitalized cats with thromboembolism 
is a useful, safe, and cost efficient method to detect 
large increases in serum potassium concentration. Se- 
quential ECG changes become evident, including P-R 
interval prolongation and gradual disappearance of P 
waves, widening of the QRS complex, increasing T- 
wave amplitude, and bradycardia. Fatal bradyarrhyth- 
mias progressing to asystole appear to be the mode of 
death in these hyperkalemic cats.'!? Standard therapies 
for hyperkalemia may be attempted** but have been 
unrewarding. Aggressive measures to reduce and main- 
tain serum potassium have been successful in a few 
cases by initial IV administration of sodium bicarbon- 
ate, followed by titrated doses of regular insulin and 
glucose administered by constant-rate infusion. 


PRIMARY PREVENTION OF 
THROMBOEMBOLISM 


Although aspirin has been demonstrated to exert 
antiplatelet aggregating properties to feline platelets in 
vitro, there are no data to support routine prophylactic 
administration to cats with cardiomyopathy unless 
countervailing risk factors (see earlier) have been iden- 
tified. Multicenter clinical trials have not been per- 
formed to evaluate preventive strategies. 

Effective recommendations for prevention of arterial 
thromboembolism have not been identified. Anti- 
thrombotic approaches should be based upon con- 
cepts of pathogenesis and an appreciation of relative 
risks. Large-scale studies are needed to evaluate epide- 
miology, risk factors, etiopathogenesis, and natural his- 
tory of cardiomyopathy and systemic embolism. Cur- 


rent data indicate that arterial emboli originate from 
the heart and therefore represent a cardiac disorder. 
Cardiomyopathies commonly progress to evolve similar 
pathophysiologic end-points that favor thrombosis due 
to a triad of precipitating factors identified by Virchow 
over a century ago: endothelial injury, a zone of circu- 
latory stasis, and a hypercoagulable state (see Patho- 
physiology, earlier). Therefore, primary prevention of 
thromboembolism is basically a battle against the un- 
derlying cardiac disorder. No therapies have been 
identified that reverse or significantly retard the devel- 
opment of feline heart disease or its related pathologic 
or prothrombotic sequelae. Moreover, it is likely that 
multiple interactions are involved in thrombogenesis, 
including myocardial pathology and cardiac dysfunc- 
tion, platelets, and other blood components and fac- 
tors. 
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Pericardial Disease 
and Cardiac 
Tumors 


DAVID SISSON 
WILLIAM P. THOMAS 


Pericardial disease and cardiac tumors are being recognized with increas- 
ing frequency.' This is largely attributable to the expanded use of echocardi- 
ography. In addition, the rising prevalence of some neoplasms such as right 
atrial hemangiosarcoma may be contributory, particularly in view of the 
mounting popularity of certain breeds predisposed to cardiac neoplasia.” 

Although the clinical signs of pericardial disease can be easily overlooked 
during perfunctory patient evaluation, a methodical approach to the history 
and physical examination will usually reveal obvious diagnostic clues. The 
experienced clinician suspects pericardial disease in any dog or cat with 
ascites or pleural effusion, particularly when heart sounds are muffled and 
external jugular veins are distended. Cardiac neoplasia presents a more 
formidable diagnostic challenge. Tumors involving the heart or pericardium 
can obstruct blood flow into or out of the heart, impair atrioventricular or 
semilunar valve function, infiltrate the myocardium, induce arrhythmias, 
precipitate cardiac tamponade, or be clinically silent for long periods of time. 


ANATOMY OF THE PERICARDIUM 


The heart is enveloped in a tough outer fibroserous membrane, the 
parietal pericardium, a more delicate inner serous membrane, the visceral 
pericardium (epicardium); and the interposed pericardial cavity. The visceral 
pericardium, which is tightly adherent to the myocardium, is composed of a 
single layer of mesothelial cells overlying a thin fibroelastic stroma.’ This 
serous membrane reflects back at the heart base to line the inner aspect of 
the fibrous pericardium. The serous lining of the pericardial cavity is com- 
posed of mesothelial cells that are endowed with numerous microvilli and 
occasional cilia. The surrounding fibrous pericardium is composed of a 
dense layer of interlaced collagen fibers. This fibrous tissue is continuous 
with the adventitia of the great vessels at the heart base and with the 
sternopericardiac ligament that attaches the apex of the pericardium to the 
ventral aspect of the diaphragm. In this fashion, the heart is anchored within 
the thorax. 


PERICARDIAL FLUID. A small volume of fluid, rich in phospholipids, lubricates 
the interior surfaces of the pericardial sac. In healthy dogs and cats, the 
volume of the liquor pericardii approximates 0.25 (+0.15) ml/kg body 
weight.* This small fluid volume is not uniformly distributed in the pericar- 
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dial space. Rather, it tends to collect at the heart base 
and in the atrioventricular grooves, with only a thin 
layer over the ventricular free walls.* As a result, intra- 
pericardial pressure in the normal animal may not 
be uniform over the various chambers of the heart.’ 
Pericardial fluid is typically clear, contains low protein 
concentration (1.7 to 3.5 g/dl), and very few cells. 
Both these constituents tend to increase with patho- 
logic pericardial fluid accumulations. 


VASCULAR SUPPLY. The parietal pericardium derives its 
blood supply mainly from branches of the internal 
thoracic artery, the aorta, and musculophrenic arter- 
ies.» ë The epicardium is nourished by superficial 
branches of the coronary arteries. Lymphatic drainage 
of the pericardial sac occurs by vessels emptying into 
the pretracheal and cardiac lymph nodes, by vessels 
traveling cranially and caudally along the phrenic 
nerves, and by vessels returning to the sternal lymph 
node.” ë The processes regulating the production and 
removal of pericardial fluid are poorly understood. 
Current consensus favors elaboration of pericardial 
fluid from the visceral pericardium by ultrafiltration 
and its subsequent removal by lymphatics located in 
the subepicardium and parietal pericardium.’ In most 
circumstances, pericardial effusion results from in- 
creased capillary permeability and hemorrhage rather 
than impaired lymphatic drainage. 


INNERVATION. The parietal pericardium is innervated 
by parasympathetic branches of both vagus nerves, the 
left recurrent laryngeal nerve, and tributaries of the 
esophageal plexus. It is also innervated by sympathetic 
nerve fibers from several different intrathoracic gan- 
glia, including the stellate ganglia. The phrenic nerves, 
which course over the lateral surfaces of the pericar- 
dium and supply motor control of the diaphragm, also 
contain those nerve fibers that communicate pericar- 
dial pain. 


FUNCTION OF THE 
PERICARDIUM 


“The function of the pericardium is something of an 
enigma. Like the vermiform appendix, we can very well do 
without it, and yet when it becomes diseased it can, because 
of ils strategic position, place a stranglehold around the 
heart and thus threaten life itself.” 


RALPH SHABETAI, M.D.° 


The pericardium, by virtue of its structure and loca- 
tion, protects the heart from adjacent infection or 
malignancy and prevents dislocation of the heart by 
fixing it within the thorax. The fluid contents and 


mesothelial cells lining the pericardial sac reduce fric- 
tion generated by the beating heart. The pericardium 
also functions to restrain cardiac filling and enhance 
diastolic ventricular coupling.’ By these mechanisms, 
the pericardium prevents cardiac overdistention and 
helps balance the respective outputs of the right and 
left ventricles. An intact pericardium protects against 
cardiac rupture, minimizes tricuspid insufficiency, and 
prevents myocardial hemorrhage induced by acute 
right-sided heart volume distention.” 

The restraining function of the pericardium inti- 
mates inherent liabilities in certain disease states. Nor- 
mally, intrapericardial pressure is zero or negative at 
low cardiac volumes, and the pericardium exerts little 
effect on cardiac filling. However, because the pericar- 
dium is noncompliant and its reserve volume is small, 
intrapericardial pressure rises rapidly when the volume 
of its contents increases (Fig. 29-1).'? Intrapericardial 
pressure also increases whenever the intracardiac vol- 
ume increases suddenly.’ Increased pericardial pres- 
sure reduces the transmural distending pressures of 
the right and left ventricles, resulting in reduced dia- 
stolic filling and decreased cardiac output. Such 
changes are observed during rapid intravenous infu- 
sions of solute or following drug administration that 
decreases systemic venous capacitance. In these cir- 
cumstances, the right side of the heart dilates to oc- 
cupy the reserve volume of the pericardial sac, thereby 
raising intrapericardial pressure. Experimentally, re- 


70r 

Constrictive Pericordial 
60 fF Pericarditis Effusion 
50} 


PRESSURE (mm Hg) 
Ww 
Ò 
= 


20 
IO 
fe) mae L 
0 100 200 300 400 500 
PERICARDIAL VOLUME (ml) 
FIGURE 29-1 


Idealized pericardial pressure volume curves for normal dogs, dogs 
with constrictive pericarditis, and dogs with pericardial effusion. 
Pressure at the ordinate represents pericardial or ventricular 
diastolic pressure. Each curve has a relatively flat initial portion, 
followed by a steep portion at pressures above 10 to 15 mm Hg, 
when the pericardial elastic limit is reached. The volume of 
pericardial fluid required to produce cardiac tamponade depends 
on the ability of the pericardium to stretch. When cardiac 
tamponade is present, removal of a relatively small quantity of fluid 
can cause rapid reduction in pericardial pressure and, thus, relief 
of clinical signs. (From Thomas WP. Pericardial disease. /n Ettinger 
SJ (ed). Textbook of Veterinary Internal Medicine. 2nd ed. 
Philadelphia, WB Saunders, 1983, p 1080.) 


straint of LV filling by the pericardium is observed 
when intravenous fluid administration elevates RV end- 
diastolic pressure above 4 mmHg in dogs. In dogs 
subjected to acute volume overload, pericardiectomy 
improves LV filling, increases cardiac output, and aids 
the redistribution of excess intravascular volume from 
the pulmonary to the systemic circuit. 

The consequences of ventricular interaction and 
pericardial restraint on LV filling are also apparent 
when the right side of the heart dilates in response to 
an acute pressure load. Accordingly, pericardiotomy 
improves left-sided heart filling and cardiac output in 
dogs with experimentally induced pulmonary hyper- 
tension.'* Such considerations may have clinical rele- 
vance. In a recent study of ten human patients under- 
going open heart surgery, closing the pericardium 
reduced cardiac output by over 20 percent. Reopening 
the pericardium increased cardiac output and reduced 
systemic vascular resistance. 

The pericardium hypertrophies to accommodate a 
progressively enlarging heart or gradually increasing 
volumes of pericardial fluid. This is evident in dogs 
and cats with progressive cardiomegaly from congeni- 
tal and acquired heart diseases or with chronic pericar- 
dial effusion. Experimentally, excessive pericardial re- 
straint observed in dogs shortly after creation of an 
arteriovenous fistula is relieved after several weeks due 
to pericardial growth.'® However, some human studies 
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of chronic heart failure indicate that exercise capacity 
may be limited by excessive pericardial restraint.” 


CONGENITAL PERICARDIAL 
DISEASES 


Congenital pericardial disorders are infrequently en- 
countered in clinical practice. They include perito- 
neopericardial diaphragmatic hernia, occurring in 
dogs and cats; intrapericardial cysts, observed only in 
dogs; and complete absence or partial defects of the 
pericardium, which are rare in both dogs and cats. 
Recognition of these lesions is important because they 
are often amenable to surgical correction. 


ABSENCE OF THE PERICARDIUM AND 
PERICARDIAL DEFECTS 


Absence of the entire pericardium is rare in dogs 
and cats. It does not precipitate clinical signs and is 
usually detected at necropsy or when thoracic radio- 
graphs are obtained for some other reason. Partial 
pericardial defects (perforations) are only slightly 
more common, but they engender a small but signifi- 
cant risk of cardiac herniation (Fig. 29-2).'* Hernia- 


FIGURE 29-2 


Congenital pericardial defects. These may represent small (A) or large (B) perforations (holes) in 
the pericardium. Although usually regarded as incidental findings at necropsy causing no clinical 
impairment, herniation and entrapment of the heart are possible (see Fig. 29-3). 
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tion of the left and right atria, right ventricle, and the 
entire heart has been reported in humans. Single or 
multiple pericardial defects have been described in 
nine dogs as incidental necropsy findings.’* ° Four 
dogs had one or more defects (holes) in the left side 
of the pericardium, three had defects in the right side 
of the pericardium, and two had defects on both sides. 
Herniation of the right auricular appendage through 
a right-sided pericardial defect has been observed by 
one of the authors (Sisson) in a black Labrador re- 
triever with atrial fibrillation. A calcified thrombus 
attached to the wall of the herniated right auricle 
was apparent on thoracic radiographs (Fig. 29-3) and 
echocardiogram. The atrial appendage containing the 
thrombus was surgically amputated. Traumatic partial 
pericardial defects have been reported in other dogs, 
and several might have been congenital.*® *! 


PERITONEOPERICARDIAL 
DIAPHRAGMATIC HERNIA 


PREVALENCE. Peritoneopericardial diaphragmatic her- 
nia (PPDH) is the most common congenital pericar- 
dial anomaly in dogs and cats,’ accounting for 0.5 
percent of all reported congenital heart defects in 
dogs (Chapter 23). Its prevalence is probably higher 
than indicated in this survey because animals with 
PPDH often do not manifest clinical signs or signs are 
subtle and missed. According to the Veterinary Medical 
Data Base at Purdue (January 1993 to May, 1994), 
PPDH was diagnosed in 0.015 percent of the dogs 


presented for evaluation and in 0.037 percent of the 
cats. No sex predilection was apparent for either spe- 
cies. Others have reported that female cats are affected 
more often than males.” About one half of the dogs 
and one third of the cats that were diagnosed were 
greater than 4 years of age (Fig. 29-4). 


PATHOGENESIS. Congenital PPDH results from faulty 
development of the dorsolateral septum transversum 
or from failure of the lateral pleuroperitoneal folds 
and the ventromedial pars sternalis to unite.” It oc- 
curs as an isolated defect and in association with umbil- 
ical hernias, malformed or absent sternebrae, pectus 
excavatum, and other congenital heart defects.**”’ Per- 
sian cats and Weimaraners may be predisposed to 
PPDH.** ** In cats, PPHD may be due to an autosomal 
recessive gene.** Congenital PPDH and multiple car- 
diac defects were reported in a litter of collies.” A 
related syndrome has been described in a litter of 
cocker spaniel pups, in which the pericardial space 
did not communicate with the peritoneal cavity but a 
portion of the abdominal contents had migrated crani- 
ally into a V-shaped, ventrally located, diaphragmatic 
hernia.” Acquired PPDH, sometimes observed in hu- 
mans following trauma to the diaphragmatic portion 
of the pericardial sac, is not observed in dogs and cats 
because this anatomic arrangement is absent. 


CLINICAL SIGNS. Clinical signs vary. They depend upon 
which organs are displaced into the pericardium and 
the degree to which organ blood supply and function 
are compromised. The liver is herniated most fre- 


FIGURE 29-3 


Lateral (A) and ventrodorsal (B) thoracic radiographs of a dog with a congenital pericardial defect 
and herniated right auricle. Notice the calcified thrombus visible in the right auricle, which is just 
cranial to the heart on the lateral radiograph. The diagnosis was confirmed at surgery, and the right 
auricle was amputated to prevent pulmonary thromboembolism. 
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Age Distribution of PPDH in Dogs and Cats 
Veterinary Medical Data Base, Jan 1984 - May 1994 


FIGURE 29-4 


Age distribution of peritoneopericardial 
diaphragmatic hernia (PPDH). Many 
affected animals are asymptomatic for all 


or part of their lives or are not diagnosed 
until chest radiographs or an 


echocardiogram is obtained for some 
other reason. More than one third of 


dogs and cats with a PPDH are diagnosed 
when they are 4 years of age or older. 


quently, followed by the small intestine, spleen, and 
stomach (Fig. 29-5).”* ** °° Thus, vomitting, anorexia, 
and diarrhea are commonly observed. Respiratory ab- 
normalities, varying from coughing or wheezing to 
severe dyspnea, are the next most frequently observed 
clinical signs. Signs of hepatoencephalopathy are occa- 
sionally observed due to hepatic incarceration and 
cirrhosis. Only rarely are heart failure and cardiac 
tamponade observed. 


PHYSICAL EXAMINATION. In many patients the physical 
examination is unremarkable. In some, the heart 


FIGURE 29-5 
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sounds are muffled and the cardiac impulse is absent 
or displaced. Abdominal palpation of animals with 
large hernias may reveal a lack of normally palpable 
organs. Some affected animals are emaciated or 
stunted. The possibility of PPDH should be considered 
whenever a cranial abdominal hernia is discovered. 
Frequently PPDH is first suspected when thoracic ra- 
diographs are carefully evaluated. Radiographic 
changes include cardiomegaly, dorsal elevation of the 
trachea, silhouetting of the cardiac and diaphragmatic 
borders, the presence of gas-filled stomach or intestine 
in an intrapericardiac location, and collections of in- 


Clinical signs in dogs and cats with peritoneopericardial diaphragmatic hernia (PPDH) vary in 
relation to the organs that are displaced into the pericardium. (A) Right lateral view (the left 
thoracic cage has been removed) of a cat with PPDH in which the stomach (St), small intestine (SZ), 
spleen (spl), omentum (Om), and a portion of the liver herniated into the pericardial sac 
surrounding the heart (H). L, lungs; P, pericardium. (B) Same view as in (A). The communication 
between the pericardial sac and the peritoneal cavity can be visualized only after the herniated 


organs are removed. 
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trapericardial fat adjacent to the more radiodense 
heart (Fig. 29-6). Electrocardiographic changes in- 
clude small amplitude complexes and deviation of the 
heart’s mean electrical axis. 


DIAGNOSIS. Herniated segments of intestine and 
stomach may be easily identified by plain thoracic ra- 
diographs or following oral barium administration. Ul- 
trasonography is particularly useful when the spleen 
or portions of the liver have herniated into the pericar- 
dial sac.”® Liver function should always be assessed 
prior to surgical intervention. Other useful diagnostic 
techniques include selective or nonselective angiogra- 
phy, tomography, positive or negative contrast perito- 
neography, pneumography, magnetic resonance im- 
aging, and computerized axial tomography. 


TREATMENT. Surgical reduction of the hernia and re- 
pair of the diaphragmatic defect are advisable in many 
but not all instances of PPDH.** *° Surgical imperatives 
include herniation of the stomach into the pericardial 
sac, bowel obstruction, and vascular embarrassment to 
the liver or other herniated organ. Occasionally, a 
small PPDH is discovered in an asymptomatic older 
animal or an animal with signs unrelated to the hernia. 
Frequently, only the omentum or a small portion of 
the liver has herniated into the pericardial sac. Obser- 
vation rather than surgery is often the prudent choice, 
particularly in older animals with other systemic dis- 
eases. 


FIGURE 29-6 


Lateral (A) and dorsoventral (B) thoracic radiographs of a young German 
shepherd dog with a peritoneopericardial diaphragmatic hernia. The 
diagnosis is obvious when gas-filled bowel loops are visible within the confines 


of an enlarged, globoid cardiac silhouette. 


INTRAPERICARDIAL CYSTS 


PATHOLOGY AND PATHOGENESIS. These unusual struc- 
tures have been described in only a few dogs less 
than 3 years of age;*” *! most had one or more large 
unilocular or multilocular “‘cystlike” masses within the 
pericardial sac (Fig. 29-7). Histologically they were 
cystic hematomas, as they lacked epithelial or endothe- 
lial lining cells. In two of these dogs, the cysts were 
found in association with a PPDH. In the other five 
dogs, the cyst was invested in a stalk of tissue that was 
firmly attached to the apex of the parietal pericardium. 
These findings suggest that intrapericardial cysts de- 
velop in most instances as a result of congenital hernia- 
tion and entrapment of omentum or a portion of the 
falciform ligament into the pericardial sac. Clusters of 
thin-walled, fluid-filled cysts, similar to human pericar- 
dial coelomic cysts, were discovered within the pericar- 
dial sac of a female Lhasa Apso. In humans, pericardial 
cysts are congenital malformations outside the pericar- 
dial sac in the cardiophrenic angle. Such outpouchings 
may (diverticula) or may not (cysts) communicate with 
the pericardial space.** These have not been identified 
in dogs or cats. 


CLINICAL FINDINGS. Most dogs with intrapericardial 
cysts are presented with signs of cardiac tamponade 
(muffled heart sounds, distended jugular veins, ascites, 
weak arterial pulses, and, less frequently, pleural effu- 
sion). Cardiac filling may be compromised by accumu- 
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FIGURE 29-7 


Unilocular (right) and multilocular (left) pericardial cysts are most likely cystic hematomas that 
develop in fatty tissue that becomes trapped in a small peritoneopericardial diaphragmatic hernia. 
Clinical signs are usually manifest prior to 3 years of age. (From Sisson D, Thomas WP, Reed J, et al. 
Intrapericardial cysts in the dog. J Vet Intern Med 7:364, 1993.) 


lation of pericardial fluid (cardiac tamponade) or by 
direct impingement of the cyst on the right side of the 
heart (compression). The electrocardiogram typically 
reveals a change in mean electrical axis and small 
amplitude QRS complexes. Electrical alternans is ab- 
sent as the heart is not free to swing in the pericardial 
space. Thoracic radiographs reveal either a globoid 
cardiac silhouette or an odd-shaped, enlarged heart 
shadow with a protuberance on its right caudal aspect 
(Fig. 29-8A,B). Intrapericardial cysts are easily demon- 
strated by two-dimensional echocardiography (Fig. 29- 
8C) or pneumopericardiography. Pericardial effusion 
is frequently present. 


TREATMENT. Cardiac tamponade may be temporarily 
relieved by percutaneous drainage of either the peri- 
cardial fluid or the fluid within the cyst. Surgical explo- 
ration of the pericardium and diaphragm is then indi- 
cated. Median sternotomy facilitates cyst removal and 
the identification and repair of any associated PPDH. 
Cyst removal and subtotal pericardiectomy result in 
permanent resolution of all clinical signs. 


ACQUIRED PERICARDIAL 
DISEASES 


PERICARDIAL EFFUSION AND CARDIAC 
TAMPONADE 


ETIOLOGY. Excess pericardial fluid accumulates with 
a variety of systemic, cardiac, and pericardial disorders. 
Idiopathic pericardial effusion is the most frequently re- 
ported non-neoplastic disorder causing cardiac tam- 
ponade in dogs.***° This poorly understood malady is 
diagnosed most often in middle-aged large and giant- 
breed dogs. Bacterial pericardial infections are very 
infrequent but have been reported secondary to mi- 
grating foreign bodies, bite wounds, perforation of the 
thoracic esophagus, and extension of adjacent pulmo- 
nary infection.**** Fungal pericarditis is unusual, with 
the notable exception of Coccidioides immitis infections 
in dogs living in southwestern United States.” Left 
atrial rupture resulting in cardiac tamponade is an 
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uncommon but well-documented complication of 


degenerative valvular disease in small-breed dogs.” 
There are several reports of metallic projectiles lodg- 
ing in the pericardial sac and inducing pericardial 
effusion.*! * Various cardiac or systemic diseases are 
associated with small volumes of acellular pericardial 
fluid, but such effusions rarely cause cardiac tampon- 
ade. 19, 39, 43 


DOGS. The most frequently identified cause of pericar- 
dial effusion and cardiac tamponade is cardiac neopla- 
sia, most commonly hemangiosarcoma or heart-base 


tumors (Fig. 29-9).' ° 2-6 The term heart-base tumor 


describes any tumor located at this anatomic site. Most 
heart-base tumors are chemodectomas, arising from 
the aortic bodies in the periadventitial tissue of the 
ascending aorta and base of the pulmonary artery.*”~° 
Thyroid, parathyroid, and other tumors are also some- 


FIGURE 29-8 


Right lateral (A) and dorsoventral (B) thoracic radiographs 
of a dog with a pericardial cyst. Note the protruding 
margin of the heart on its right caudal margin (B). 
Pericardial cysts are easily visualized by two-dimensional 
echocardiography. (C) Two-dimensional echocardiographic 
image (right parasternal long axis view) of the same dog. A 
multiloculated cyst compresses the right ventricle. LV, left 
ventricle; RA, right atrium. 


times located at the heart base.*” °! Many other tumors 
arising from or metastasizing to the heart or pericar- 
dium can cause pericardial effusion and cardiac tam- 
ponade.** 1+ ** Mesothelioma is the most frequently 
diagnosed primary pericardial neoplasm (Fig. 29- 
10).°? 5 It is an important cause of neoplastic pericar- 
dial effusion in dogs but is much less common in cats.”* 


CATS. Pericardial effusion is diagnosed much less fre- 
quently. Cardiac neoplasia is less prevalent in cats than 
in dogs, and idiopathic effusive pericarditis is not a 
recognized clinical syndrome in cats. Some reported 
causes include feline infectious peritonitis, lymphosar- 
coma, heart-base tumors, a variety of other malignan- 
cies, and cardiomyopathy (Fig. 29-11).°°°’ Most cats 
with cardiomyopathy have no or only small amounts 
of pericardial fluid. 
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FIGURE 29-9 


Two of the most common cardiac tumors in dogs are hemangiosarcoma (A and B) and heart base 
tumors (C and D). Hemangiosarcomas usually involve the right auricle or the right atrium, causing 
bloody pericardial effusion. (A) Notice the hemangiosarcoma emerging from the epicardium of the 
right atrium near the atrioventricular junction. Caudal vena cava (cuc) and right auricle (RAu). (B) 
The same heart viewed from the right dorsolateral aspect. The right atrial wall has been dissected 
away to reveal a large mass obstructing right atrial filling. This view also shows how the tumor 
metastasized through the endocardium to emerge from the epicardial surface. (C) Canine heart 
viewed from the left lateral aspect illustrating a heart-base tumor. The most common heart-base 
tumor is a chemodectoma arising from the aortic bodies in the periadventitial tissue of the aorta. 
(D) This cross-section through the heart-base tumor shows areas of necrosis and hemorrhage. 
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FIGURE 29-10 


Pericardial mesotheliomas cause diffuse thickening of the pericardium as seen here, without 
formation of distinctive, focal, mass lesions. Neither echocardiography nor gross necropsy can easily 
distinguish clumps of neoplastic mesothelial cells from loose aggregates of fibrin and entrapped red 
blood cells. (A) Left lateral aspect of a canine heart with pericardial mesothelioma. The pericardium 
is intact and diffusely thickened. (B) The thickened pericardium has been incised and reflected 
cranially and caudally to reveal the heart and focal accumulations of neoplastic tissue. 


FIGURE 29-11 


Feline infectious peritonitis (FIP) and lymphosarcoma are two of the most common causes of 
pericardial effusion in cats. (A) Gross specimen from a cat that died from FIP infection. The left 
lateral portion of pericardium has been dissected away to reveal a diffusely thickened pericardium. 
An enlarged pericardial cavity surrounds the heart within, (B) Longitudinally sectioned heart from a 
cat (same as in Fig. 29-19) that died from lymphosarcoma. The pericardium, both atria, and heart 
base are diffusely infiltrated. 


PATHOPHYSIOLOGY OF CARDIAC 
TAMPONADE 


HEMODYNAMIC CHANGES. The misconception that car- 
diac tamponade is an “all-or-none” phenomenon was 
once advanced"? under the misconception that pericar- 
dial effusion causes no hemodynamic changes so long 
as intrapericardial pressure is less than right ventricu- 
lar filling pressure. More correctly, pericardial effusion 
begins to exert hemodynamic consequences as soon as 
intrapericardial pressure rises above zero.” Moreover, 
the hemodynamic effects of pericardial effusion occur 
in a graded fashion as pericardial pressure increases 
further (Fig. 29-12). Importantly, pulsus paradoxus 
is not a reliable indicator of the severity of cardiac 
tamponade.” 

As pericardial fluid accumulates and intrapericardial 
pressure rises, the filling pressures of the right and 
left ventricles also rise. Initially, transmural distending 
pressure (i.e., intracardiac pressure minus intrapericar- 
dial pressure), declines slightly and stroke volume falls 
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modestly in accordance with Starling’s law. As intraper- 
icardial pressure rises further, it equilibrates first with 
RV filling pressure, a state defined as right-sided heart 
tamponade, and eventually with left heart filling pres- 
sure, defined as left heart tamponade (Fig. 29-13). 
When intrapericardial pressure rises to equal or ex- 
ceed RV filling pressure, cardiac output is significantly 
compromised and systemic venous pressure is substan- 
tially elevated. 

The severity of circulatory compromise is a function 
of intrapericardial pressure rather than volume of peri- 
cardial fluid. When intrapericardial pressure rises 
slowly, signs of low cardiac output are usually accompa- 
nied by physical signs of systemic congestion, such as 
ascites or pleural effusion. Relatively small effusions 
that accumulate suddenly (e.g., traumatic hemorrhage, 
rodenticide toxicity, left atrial tear, or iatrogenic coro- 
nary artery laceration) cause profound circulatory em- 
barrassment if intrapericardial pressure rises rapidly; 
cardiogenic shock develops before signs of systemic 
congestion are apparent. 


CARDIAC TAMPONADE 


40 
Inspiratory 
Decline in 
SAP 
(mm Hg) 
0 
PHASE ONE 
FIGURE 29-12 
Cardiac tamponade is a progressive phenomenon. 100% 
Phase One: Patients are compromised, albeit 
modestly in this phase, wherein pericardial pressure Cardiac 
is elevated but less than right atrial pressure. Phase Output 
Two: This constitutes right heart tamponade, defined i 
as that state in which pericardial pressure equals or (L/min) 


exceeds right atrial pressure. Exercise intolerance 
and signs of systemic venous congestion (ascites) are 
manifested. Phase Three: This is defined as left-sided 
heart (or biventricular) tamponade, and cardiac 
output is usually severely compromised. Femoral 
pulses are weak, and pulsus paradoxus is usually 


evident. (Modified from Reddy PS, Curtiss El, Uretsky Diastolic 

BF. Spectrum of hemodynamic changes in cardiac Pressure 

tamponade. Am J Cardiol 66:1487, 1990. With 

permission from Excerpta Medica Inc.) LVEDP 10.0 
RVEDP 5.0 
Pericardial 
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FIGURE 29-13 


Intracardiac pressures recorded from a dog with cardiac 
tamponade due to pericardial effusion. Simultaneous pressures are 
recorded from the left ventricle (LV), pulmonary artery (PA), right 
ventricle (RV), and right atrium (RA). Note the elevation (20 to 25 
mmHg) and equalization of end-diastolic pressures in these 
chambers. The PA and RV systolic pressures are mildly elevated 
(40 mmHg), while the LV systolic pressure is normal (110 mmHg). 
The early diastolic y descent on the atrial and ventricular pressure 
tracings is not prominent (compare with Fig. 29-21). (From 
Thomas WP. Pericardial disease. Jn Ettinger SJ (ed). Textbook of 
Veterinary Internal Medicine. 2nd ed. Philadelphia, WB Saunders, 
1983, p 1080.) 


In the healthy animal, ventricular filling is primarily 
accomplished in early diastole when the ventricles are 
actively relaxing (Chapters 3, 11). The y descent of the 
atrial pressure tracing reflects the important contribu- 
tion of ventricular relaxation to cardiac filling. With 
development of cardiac tamponade, cardiac filling dur- 
ing early diastole is substantially abbreviated.” Intra- 
pericardial pressure rises rapidly as the ventricles start 
to expand, and the atrial pressure tracing shows a 
markedly diminished y descent. Consequently, venous 
return during the late diastole becomes increasingly 
important; blood fills the heart primarily during atrial 
diastole, during inscription of the x descent of the atrial 
pressure tracing. 


VASCULAR AND SYSTEMIC ALTERATIONS. Compensatory 
mechanisms, such as increased heart rate, sodium and 
water retention, and venoconstriction, blunt any de- 
cline in cardiac output, but they further increase car- 
diac filling pressures. In contrast to other forms of 
heart failure, plasma concentrations of atrial natri- 
uretic peptide (ANP) do not rise substantially with 
cardiac tamponade.*! The usual stimulus for ANP re- 
lease, atrial distention, is circumvented because the 
atria are constrained by pericardial effusion. The fail- 
ure of rising atrial pressures to elicit a natriuretic re- 
sponse contributes to the rapid increase in plasma 
volume in animals with pericardial disease. 

Increased systemic venous pressure causes jugular 
distention and fluid transudation from systemic capil- 
lary beds. Ascites develops when central venous pres- 
sure approaches or exceeds 15 mmHg. Pulmonary 


edema develops only when severe tamponade raises 
pulmonary venous pressures above 25 mmHg. More 
modest venous hypertension increases the rate of pleu- 
ral fluid production and compromises the absorptive 
ability of subpleural pulmonary lymphatic vessels. 
Thus, respiratory distress with chronic pericardial effu- 
sion is more often a result of pleural effusion rather 
than pulmonary edema. 

Pulsus paradoxus is defined as a greater than 10 
percent fall in inspiratory systolic arterial pressure 
compared with the expiratory value, or a fall in pres- 
sure of greater than 10 mmHg (Fig. 29-14). The 
term pulsus paradoxus is somewhat a misnomer as this 
phenomenon is simply an exaggeration of the normal 
tendency for systemic arterial pressure to decline 
slightly during inspiration. During inspiration, there is 
a surge of venous return to the right heart as intratho- 
racic pressure falls below that in the extrathoracic 
systemic veins. The right side of the heart is con- 
strained by pericardial fluid and fills at the expense of 
the left side of the heart. This causes left ventricular 
heart stroke volume to decline. During expiration, LV 
filling improves and stroke volume increases. Thus, 
pulsus paradoxus is a striking manifestation of ventric- 
ular interdependence. It becomes most evident when 
pressures in the right and left ventricles equilibrate 
and the importance of preload is accentuated. When 
pericardial pressure exceeds LV filling pressure, car- 
diac output is severely compromised and almost all 
patients evidence pulsus paradoxus. However, pulsus 
paradoxus is observed in some patients even when the 
rise in intrapericardial pressure is modest, that is, less 
than right ventricular heart filling pressure. 


CLINICAL MANIFESTATIONS OF 
PERICARDIAL EFFUSION 


HISTORY AND PHYSICAL EXAMINATION. The clinical man- 
ifestations of pericardial effusion depend on the rate 


FIGURE 29-14 


Direct measurement of femoral artery pressure in a dog with 
cardiac tamponade reveals pulsus paradoxus. There is an 
exaggerated fall in mean pressure (> 10 mmHg) and a small pulse 
pressure during inspiration (JNSP). ECG, electrocardiogram. (From 
Thomas WP. Pericardial disease. Jn Ettinger SJ (ed). Textbook of 
Veterinary Internal Medicine. 2nd ed. Philadelphia, WB Saunders, 
1983, p 1080.) 


of rise in intrapericardial pressure. Although acute 
tamponade may occur, most animals are presented 
after a chronic course of pericardial effusion with less 
severe clinical signs. With disseminated neoplasia or 
systemic infection, clinical signs of the underlying ill- 
ness often dominate. The presence of a murmur in 
dogs with pericardial effusion usually indicates the 
presence of some other disease process. For example, 
dogs developing a left atrial tear and cardiac tampon- 
ade secondary to chronic degenerative valvular disease 
often have a loud systolic heart murmur, although it is 
decreased in intensity when compared with previous 
examinations. 


ACUTE PERICARDIAL EFFUSION. Rapidly developing cardiac 
tamponade causes acute hypotension, cardiogenic 
shock, rapidly progressive weakness, dyspnea, collapse, 
or sudden death. Such sequelae are common in dogs 
with atrial tears, bleeding tumors, and traumatic lacera- 
tions of coronary vessels. 


CHRONIC PERICARDIAL EFFUSION. The classic triad of ab- 
normalities includes (1) muffled heart sounds, (2) 
weak arterial pulses, and (3) distended systemic veins. 
The intensity of the heart sounds is usually diminished, 
but this finding may be subtle or absent with mild 
effusion. Large pericardial effusions that accumulate 
slowly are often well tolerated if intrapericardial pres- 
sure remains low owing to pericardial hypertrophy. A 
vague history of lethargy, weakness, exercise intoler- 
ance, and anorexia is common. Chronic elevation of 
pericardial pressure results in signs of right-sided con- 
gestive heart failure such as ascites or pleural effusion. 
With severe cardiac tamponade, arterial pulse is weak 
and abrupt from peripheral vasoconstriction and re- 
duced stroke volume. Hypotension may be so pro- 
found that the peripheral arterial pulse is difficult to 
locate. Uncommonly, peripheral vasoconstriction may 
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FIGURE 29-15 


M-mode echocardiogram and simultaneous ECG 
from a dog with severe pericardial effusion and 
electrical alternans. On the ECG, notice how the R 
wave voltage alternates (electrical alternans) every 
other beat (thick arrows); this is associated with the 
heart swinging to and fro within the fluid-filled 
pericardial sac (thin arrows) on the echocardiogram. 
The ECG also revealed sinus tachycardia and low- 
voltage QRS complexes. The echo illustrates diastolic 
collapse of the right ventricle (RV), reduction of the 
left ventricular dimensions (LV), and a large 
pericardial effusion (PE), changes compatible with 
pericardial tamponade. PERI, pericardium. 
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cause arterial hypertension.® Other alterations in 
pulse quality, such as pulsus paradoxus, are more diffi- 
cult to detect. 


PHYSICAL EXAMINATION FINDINGS. With cardiac tam- 
ponade, evidence of impaired venous return and ele- 
vated right heart filling pressures are usually present 
and suggested by jugular venous distention or a posi- 
tive hepatojugular reflux test. When jugular veins are 
difficult to inspect, as in obese dogs, measurement of 
central venous pressure (CVP) will document systemic 
venous hypertension. The CVP is usually greater than 
12 mmHg (normal, = 6 mmHg) when cardiac tampon- 
ade is present. Hepatomegaly and ascites are evident 
on physical examination, and more subtle changes 
can be evaluated by abdominal ultrasonography. Large 
volumes of pleural effusion alter the effort and pattern 
of respiration and muffle both the heart and lung 
sounds. Weight loss occurs commonly in dogs with 
chronic pericardial effusion from anorexia, chronic 
hepatic congestion, gastrointestinal protein loss, and 
cachexia. If these signs are present with a known heart- 
base or cardiac tumor, thyroid function should be 
assessed to identify an ectopic functional thyroid tu- 
mor. 


ELECTROCARDIOGRAPHY. Sinus tachycardia and small 
amplitude QRS complexes (R < 1 mV in Lead II) 
are recorded in most dogs and cats with substantial 
pericardial effusion.“ Unfortunately, the predictive 
value of these abnormalities is low, particularly in cats. 
Other causes of small QRS voltages include hypothy- 
roidism, pleural effusion, obesity, intrathoracic mass 
lesions, and hypovolemia. Electrical alternans (EA), 
defined as a beat-to-beat voltage variation of the QRS 
or ST-T complexes, is more indicative of pericardial 
effusion (Fig. 29-15). This abnormality may be re- 
corded in up to half of affected dogs but is noted 
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FIGURE 29-16 


Tumors of the heart base cause tracheal deviation and may cause pericardial effusion. (A) On the 
lateral thoracic radiograph, the trachea overlying the cranial portion of the heart is pushed dorsally. 
(B) On the dorsoventral view, the trachea is displaced rightward (arrows). In both views, the cardiac 
silhouette is greatly enlarged and generally globoid, obscuring details of specific cardiac chambers. 
(C, D) In the same dog, the heart base tumor and its relationship to the trachea and heart are 
clearly illustrated by pneumopericardiography. On the lateral view it is located cranial to the heart; 
on the dorsoventral view it is evident as a large, circular mass in the left craniolateral quadrant. 


less often in cats.” ® Electrical alternans is caused by 
swinging of the heart within the fluid-filled pericardial 
sac (Fig. 29-15). A recent study using a nonlinear 
heart model showed that EA is a rate-dependent phe- 
nomenon most likely to occur at heart rates of between 
90 and 144 beats per minute.® Elevation of the ST 
segment (indicative of an epicardial injury current) 
and a variety of ventricular and supraventricular ar- 
rhythmias may occur with pericardial effusion. These 
abnormalities usually resolve following pericardiocen- 
tesis. 


RADIOGRAPHY. When pericardial fluid accumulates, 
the cardiac silhouette typically loses its angles and 


waists and becomes globe-shaped (see Figs. 7-13; 29- 
16). Distention of the caudal vena cava, hepatomegaly, 
and ascites are usually evident with chronic effusion 
and systemic congestion, Enlargement of the pulmo- 
nary veins and pulmonary edema is infrequent. Large 
pleural effusions will obscure many of these changes, 
and thoracocentesis is often required before the na- 
ture of the underlying abnormality is appreciated. Al- 
though other cardiac diseases can cause similar radio- 
graphic changes, an accurate “‘radiographic diagnosis” 
of pericardial effusion can be made by integrating 
radiographic findings with data from the history and 
physical examination. 

Subtle radiographic clues suggesting the cause of 


pericardial effusion are often present. For example, 
pulmonary metastasis is common with RA hemangio- 
sarcoma and other malignancies involving the heart 
and pericardium. Multiple thoracic radiographic views 
should be meticulously evaluated for pulmonary me- 
tastasis. Heart-base tumors often cause subtle displace- 
ment of the trachea or main stem bronchi. Sternal 
and hilar lymphadenopathy may be apparent with lym- 
phoma or diffuse neoplasia. Unilateral pleural effusion 
with pericardial disease often signifies the presence of 
mesothelioma. Neoplasia or some other disease proc- 
ess should always be considered when pleural effusion 
is observed but ascites and jugular distention are ab- 
sent. Many of the radiographic procedures (fluoros- 
copy, angiography, and pericardiography) used pre- 
viously to identify the presence and cause of 
pericardial effusion have been supplanted by echocar- 
diography. 67 


ECHOCARDIOGRAPHY. Echocardiography is the safest, 
most practical, and most cost-effective diagnostic 
method for detecting pericardial effusion. It can detect 
very small (10 to 15 ml) accumulations of intrapericar- 
dial fluid. Pericardial effusion is displayed on the 
echocardiogram as an anechoic space between the 
epicardium and pericardium (see Figs. 8-24 to 8-26; 
29-15, 29-17). The amount of pericardial fluid can be 
estimated, but volume is not indicative of tamponade 
severity.’ Rapid accumulation of small or moderate 
effusions can produce significant hemodynamic com- 
promise, and large effusions 


accumulating over 


FIGURE 29-17 
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months may have little hemodynamic effect. Nonethe- 
less, a large volume is more likely to be clinically 
significant. 

Right and left ventricular dimensions are often di- 
minished and the ventricular walls appear thicker than 
normal when pericardial effusion is severe and cardiac 
filling is impaired.” Diastolic collapse of the right 
atrium or right ventricle strongly suggests substan- 
tial elevation of intrapericardial pressure and cardiac 
tamponade (Figs. 29-15; 29-17). ” Unfortunately, 
neither the presence or absence of these findings is 
reliable for determining clinical significance or hemo- 
dynamic importance of an effusion.” Pericardial pres- 
sure can be markedly increased without diastolic col- 
lapse of the right atrium or ventricle if right ventricular 
filling pressures were elevated prior to development of 
pericardial effusion.” Conversely, significant collapse 
can occur with only minor elevations in intra- 
pericardial pressure in patients that are volume de- 
pleted.” Thus, a diagnosis of cardiac tamponade 
should be based on the constellation of all clinical 
findings rather than on a single echocardiographic 
abnormality. 

Echocardiography cannot provide a histologic diag- 
nosis, but the location and appearance of many mass 
lesions are sufficiently consistent to permit reasonable 
speculation regarding their identity.”~” In dogs, a soft 
tissue mass arising from the right atrium is most likely 
a hemangiosarcoma, and a mass arising from the as- 
cending aorta is likely to be a chemodectoma (Fig. 


29-18).”° Similarly, diffuse myocardial infiltration in 


Two-dimensional echocardiograms recorded at the right parasternal location, long-axis view. 
Pericardial effusion (PE) appears as an anechoic (black) space between the epicardium and 
pericardium (P). (A) Moderate pericardial effusion in a cat without cardiac tamponade. LV, left 
ventricle. (B) Severe pericardial effusion and cardiac tamponade in a dog. Notice diastolic collapse 
(arrows) of the right atrium (RA) and right ventricle (RV). While not pathognomonic for cardiac 
tamponade, these findings suggest substantial elevation of intrapericardial pressure. This dog also has 
pleural effusion (PL E) appearing as a black anechoic space, which, combined with pericardial 
effusion, allows both sides of the pericardium to be visualized. 
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FIGURE 29-18 


Two-dimensional echocardiograms recorded from the right parasternal location illustrating two 
common cardiac tumors of the dog. (A) Long-axis view of an aged dog showing a large (5.0 cm 
diameter) heart-base tumor (T) attached to the aortic root (AO). Histologic examination revealed the 
mass to be chemodectoma. LV, left ventricle. (B) Basal short-axis view of a golden retriever dog’s 
heart, depicting an irregular mass at the tip of the right auricle (RAu). Histologic examination 
verified right auricular hemangiosarcoma. PE, pericardial effusion. 


cats is highly suggestive of lymphosarcoma (Fig. 29- 
19). Echocardiography also greatly simplifies the di- 
agnosis of left atrial rupture secondary to degenerative 
valvular disease” and other defects such as pericardial 
cysts.” Transthoracic, two-dimensional echocardiogra- 
phy is 80 to 90 percent sensitive for detecting cardiac 
masses in dogs.” Transesophageal imaging is more 
sensitive but requires general anesthesia.*? Owners 
should always be advised that false-negative studies are 
likely in dogs or cats with pericardial mesothelioma. 
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FIGURE 29-19 


Two-dimensional echocardiogram recorded from the right 
parasternal position showing a long-axis view of a feline heart 
infiltrated by lymphosarcoma (same cat as in Fig. 29-11B). There 
is diffuse tumor (T) infiltration of the left and right atria and the 
entire heart base. RA, right atrium; RV, right ventricle; AO, aortic 
root; LV, left ventricle. Pericardial effusion is present. 


COMPUTED TOMOGRAPHY AND MAGNETIC RESONANCE IM- 
AGING. Gated studies are required to obtain detailed 
images of the heart unobscured by motion artifacts. 
Such studies are currently performed infrequently in 
companion animals, but they may be used more in the 
future to image the heart, pericardium, and mediasti- 
num (Chapter 10). The value of CT and MRI for 
diagnosing constrictive pericarditis, pericardial cysts, 
and cardiac neoplasia in humans is well established.*" °? 


PERICARDIOCENTESIS AND PNEUMOPERICARDIOGRAPHY. 
Pericardiocentesis is indicated whenever cardiac tam- 
ponade or infectious pericarditis is suspected.** 487 We 
prefer a right-sided approach. The dog is positioned in 
left lateral recumbency to facilitate manual restraint of 
unsedated animals and to lessen the chance of coro- 
nary artery laceration. Thoracic radiography or echo- 
cardiography can indicate the best site to perform 
pericardiocentesis. Most often, the right fifth intercos- 
tal space at the costochondral junction is clipped and 
surgically prepared. The procedure can be performed 
in many dogs without sedation, but most cats require 
chemical restraint (Chapter 38). While monitoring the 
ECG, the operator advances an over-the-needle cathe- 
ter, 2 to 5 inches long (depending on patient size), 
toward the heart. When fluid is obtained, the catheter 
is guided into the pericardial sac and the stylet is 
withdrawn. Palpable cardiac pulsations or VPCs on the 
ECG mandate slight withdrawal of the catheter and 
stylet. Once correct catheter location is ascertained, 
the pericardial sac is drained. When pericardiocentesis 
is successfully performed, the character of the arterial 
pulse improves and systemic blood pressure normal- 


izes. The intrapericardial catheter can also be used to 
deliver drugs or other medicaments into the pericar- 
dial sac, or to inject air to perform pneumopericardi- 
ography (Fig. 29-16CD). 

Most pericardial effusions are bloody or blood 
tinged, and the clinician must ensure that the catheter 
is in the pericardial sac before withdrawing large vol- 
umes of fluid. If fluid source is uncertain, the sample 
should be centrifuged. The packed cell volume of 
pericardial fluid is usually much less than peripheral 
blood and its supernatant is typically xanthochromic. 
Also, pericardial fluid does not clot unless very recent 
hemorrhage into the pericardial sac has occurred. 

Pericardial fluid samples should be submitted for 
laboratory analysis and cytologic evaluation. Most in- 
fections and some tumors, such as lymphosarcoma, 
can be reliably identified. Bacterial and fungal cultures 
are requested when the cytology report or fluid analy- 
sis results suggest an infectious process. However, it is 
very difficult to distinguish the common neoplastic 
effusions of dogs (hemangiosarcoma, heart-base tu- 
mors) from idiopathic effusions on the basis of red 
cell or white cell counts, protein content, or cytology. 
Reactive mesothelial cells within the pericardial sac 
are commonly interpreted as being neoplastic (Fig. 
36-12). Negative cytologic findings should also be in- 
terpreted cautiously as some cardiac and pericardial 
neoplasms do not readily exfoliate. 


TREATMENT AND PROGNOSIS 


IDIOPATHIC EFFUSIONS, Conservative treatment is recom- 
mended since about half of these dogs are cured by 
the initial pericardiocentesis.** “ In the remainder, 
pericardial effusion recurs several days or weeks follow- 
ing initial pericardiocentesis. At this time, pericardio- 
centesis can simply be repeated or more aggressive 
strategies implemented. Corticosteroids are commonly 
administered to humans with recurrent idiopathic 
pericardial effusion.™* Although such therapy has not 
been critically evaluated in animals, trial therapy with 
anti-inflammatory or immunosuppressive doses of cor- 
ticosteroids should be considered. Most dogs with per- 
sistently recurring pericardial effusion are cured by 
surgical pericardiectomy. Some dogs with a recurring 
pleural effusion after pericardiectomy actually have 
a mesothelioma. The advantages of surgery are (1) 
previously unsuspected masses can be directly visual- 
ized, excised, or biopsied, (2) samples of pericardial 
tissue and regional lymph nodes can be obtained for 
histologic examination, and (3) subtotal pericardiec- 
tomy can be performed to prevent recurrence of car- 
diac tamponade or the development of constrictive 
pericarditis.” The disadvantages of this approach are 
those inherent in any exploratory surgery. Thoracos- 
copic pericardiectomy is a recently described alter- 
native to surgical thoracotomy.”® 8” This technique 
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permits the examiner to visualize the heart and peri- 
cardium, to obtain biopsies, and to remove a substan- 
tial portion of the pericardium without the morbidity 
and expense of major surgery. 


NEOPLASTIC EFFUSIONS. Prognosis for cardiac or pericar- 
dial neoplasia is generally poor. Associated effusions 
tend to be relentlessly progressive. Hemangiosarcoma, 
the most common tumor causing cardiac tamponade 
in dogs, is usually highly malignant. Currently used 
chemotherapy protocols are of limited utility.* ® Some 
hemangiosarcomas, particularly those located on the 
right auricle, can be surgically excised, but most of 
these tumors already have or soon will spread to the 
lungs or other vital location. Pericardiocentesis pro- 
vides limited benefit as pericardial effusion commonly 
redevelops within several days. Pericardiectomy is 
rarely useful, and the prognosis is usually grave. 

Heart-base tumors in some animals are slow growing 
and late to metastasize, whereas others are highly ma- 
lignant. If the tumor is localized and accessible, surgi- 
cal removal is advocated,” although it is not usually 
possible to achieve disease-free margins. Local recur- 
rence can be anticipated in many cases. Extensive tu- 
mors, particularly those located on the posterior aspect 
of the aorta, are difficult or impossible to excise. In 
such cases, long-term relief from recurrent pericardial 
effusion may be realized following surgical, percutane- 
ous balloon,” or thoracoscopic pericardiectomy.™ * 
Lymphosarcoma of the heart and/or pericardium can 
be successfully treated by combination chemotherapy 
with or without radiation.” Pericardiocentesis may be 
required to relieve tamponade. 

Metastatic tumors and pericardial mesotheliomas 
are often difficult to diagnose and are always difficult 
to treat. Diagnosis is usually accomplished by surgical 
pericardial biopsy. Histologic diagnosis of mesothelio- 
mas can be difficult, necessitating ultrastructural analy- 
sis and immunohistochemical staining.” Biopsy of the 
lymph nodes draining the pericardial sac is also diag- 
nostically helpful. In dogs and cats with pericardial 
mesothelioma, a recalcitrant pleural effusion often de- 
velops within several weeks of pericardiectomy; most 
die within a few months regardless of therapy, and 
chemotherapeutic efficacy has not been established.” 
Radiocolloids, such as phosphorus”? colloidal chromic 
phosphate, are advocated as palliative treatment for 
malignant pericardial effusion resistant to chemother- 
apy.” Prospective trials are needed to evaluate therapy 
for malignant pericardial effusions in dogs and cats. 


INFECTIOUS EFFUSIONS. Appropriate therapy requires ad- 
equate pericardial drainage combined with prolonged 
antimicrobial therapy.** * Surgical exploration of the 
thorax and pericardium is usually advisable; the peri- 
cardium can be excised, any foreign bodies removed, 
and adjacent organs inspected.” A notable exception 
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is pericarditis from feline infectious peritonitis in 
which pericardiocentesis, corticosteroids, and/or im- 
munosuppressive drug therapy is advocated. Unfortu- 
nately, the usual outcome is death. 


CONSTRICTIVE PERICARDITIS 


In this difficult to diagnose disorder, cardiac filling 
is compromised by a nondistensible, thickened and 
fibrotic pericardium. Thirty cases have been reported 
in dogs, primarily males 2.5 to 9.5 years old.” No 
cases have yet been described in cats. 


PATHOLOGY AND PATHOGENESIS. Constrictive pericardi- 
tis can develop from any form of chronic pericarditis, 
but dogs with chronic idiopathic effusions, mycotic 
pericarditis, neoplasia, or intrapericardial metallic for- 
eign bodies are particularly vulnerable.** + 96-98 Some 
affected dogs have a thickened and fibrotic visceral 
and parietal pericardium, with extensive adhesions and 
only a small amount of pericardial fluid (Fig. 29-20). 
In most dogs, the parietal pericardium is more severely 
affected, with relative sparing of the visceral pericar- 
dium, and the volume of pericardial fluid is modestly 
increased. In extreme cases, the parietal pericardium 
may be up to 8 mm thick. Histologic findings include 
mesothelial proliferation, increased amounts of dense 
fibrous connective tissue, and inflammatory cell infil- 
trates of variable severity. Osseous pericardial metapla- 
sia has been described in one young dog.” 


PATHOPHYSIOLOGY. In most cases, early ventricular re- 
laxation is normal, and ventricular filling proceeds 
rapidly until the limit of ventricular distensibility is 
reached. In mid-diastole, the thickened, noncompliant 
pericardium exerts its influence, abruptly limiting fur- 
ther expansion of the ventricle. Consequently, ventric- 
ular filling slows or ceases. The atrial and ventricular 
pressure tracings show a rapid y descent followed by 
an abrupt rise to an elevated diastolic plateau, distin- 
guishing this disorder from effusive pericarditis.” This 
diastolic abnormality of the ventricular pressure trac- 
ing is frequently referred to as the “square root sign.” 
Auscultation of a pericardial knock in early diastole is 
attributed to the vibrations produced by the blood 
when it strikes the nondistensible ventricular wall and 
decelerates. The prominent y descent may be absent 
when a small amount of pericardial fluid is present 
and the visceral pericardium is minimally involved.'°° 
This condition is referred to as effusive-constrictive peri- 
carditis.°& 97, 100 

Hemodynamic studies of dogs with constrictive peri- 
carditis demonstrate elevation and equilibration of the 
pulmonary wedge; pulmonary artery; and RV, RA, LV, 
and LA diastolic pressures (Fig. 29-21). Such findings 


FIGURE 29-20 


Canine heart viewed from the left lateral aspect. The thickened 
parietal pericardium has been incised and reflected upward toward 
the cardiac base and downward toward the right ventricle. Fibrosis 
and adhesions (arrow) between pericardium and epicardium have 
formed as a result of chronic infection with Coccidioides immitis. 
Hemodynamic studies indicated constrictive pericarditis. 


are anticipated when all cardiac chambers are encased 
in the same rigid pericardial sac. Several circumstances 
may foster exceptions to these observations. Localized 
areas of fibrosis may preferentially constrain only one 
cardiac chamber. In addition, diastolic pressures may 
also be disparate when filling pressures are normal or 
only slightly elevated. Such circumstances are encoun- 
tered most commonly when diuretics have been ad- 
ministered. Rapid administration of intravenous solute 
usually suffices to reveal the patient’s true circum- 
stances (Fig. 29-22). 

As constriction worsens and cardiac filling is more 
severely compromised, cardiac output declines. The 
usual decline in caval pressure associated with inspira- 
tion is often absent in dogs with constrictive pericardi- 
tis because the intrathoracic pressure changes associ- 
ated with respiration are not transmitted to the cardiac 
chambers. This important observation requires careful 
examination of the jugular veins or the direct measure- 
ment of systemic venous pressure. In severe cases, sys- 
temic venous pressure may increase during inspiration, 
a clinical phenomenon known as Kussmaul’s sign. Fluid 
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Hemodynamics of Constrictive Pericardiitis 


FIGURE 29-21 
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Hemodynamic abnormalities associated with constrictive 
pericarditis. In the top tracing, note the elevation and 
equilibration of diastolic pressures in the pulmonary 
artery (PA), right ventricle (RV), and right atrium (RA). 
The rapid y descent followed by an abrupt rise to an 
elevated diastolic plateau in right atrial and right 
ventricular pressure tracings serves to distinguish 
constrictive pericarditis from pericardial effusion 
(compare with Fig. 29-13). In the bottom tracing, note 
the elevation and superimposition of diastolic pressures 
in the pulmonary artery (PA), right ventricle (RV), and 
right atrium (RA). 


Pressure (mmHg) 


retention is initiated by compensatory responses 
evoked by reduced cardiac output. As in patients with 
effusive pericarditis, there is an inadequate circulating 
atrial matriuretic peptide concentration. ® 


HISTORY AND PHYSICAL EXAMINATION. Right-sided heart 
failure (e.g., distended jugular veins; abdominal disten- 
tion) is the most commonly noted abnormality. Less 
frequently, dyspnea, tachypnea, weakness, exercise in- 
tolerance, syncope, and weight loss are reported. Dura- 
tion of illness varies from a few weeks to several 
months. In some cases, the medical history indicates 
a prior episode of idiopathic pericardial effusion or 
thoracic trauma. The heart sounds are often dimin- 
ished in intensity, which is accentuated by pleural effu- 
sion. Cardiac auscultation is otherwise not helpful. 
The early diastolic pericardial knock described in hu- 
mans with constrictive pericarditis is usually not audi- 


LV + PA 


LV + RV LV + RA 


UAU 


ble. In dogs, however, systolic murmurs, gallop heart 
sounds, and systolic clicks occur, possibly due to con- 
current chronic acquired valvular disease. 


ELECTROCARDIOGRAPHY AND RADIOGRAPHY. The most 
common ECG changes are sinus tachycardia, pro- 
longed P-wave duration, and reduced QRS complex 
amplitude.” Increased susceptibility to supraventricu- 
lar tachycardia and atrial fibrillation has been re- 
ported.*® 9 The cardiac silhouette may be normal or 
slightly enlarged and globoid. Pleural effusion is com- 
mon, as is caudal vena caval enlargement. Fluoroscopy 
shows diminished motion of the cardiac borders, 
whereas angiocardiography sometimes indicates atrial 
enlargement and pericardial thickening as the endo- 
cardial-pericardial distance is increased over the right 
atrial surface. Compression of the RV outflow tract has 
been reported in two dogs with coccidioidal pericardi- 
tis.°° 
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OCCULT CONSTRICTIVE PERICARDITIS 


FIGURE 29-22 


Recording of left ventricular (open arrow) 
and right ventricular (solid arrow) 
pressures in a dog with occult constrictive 
pericarditis before (control) and after 
intravenous saline infusion. Elevation and 


equilibration of pulmonary wedge, 
pulmonary artery, right ventricular, right 
atrial, left ventricular, and left atrial 


diastolic pressures may not be apparent 
in affected animals treated with high 
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doses of diuretics. However, when filling 
pressures are raised by rapid 
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administration of intravenous solute, the 
patient’s true circumstances are made 


Pressure (mmHg) 
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apparent. Notice changes in RV pressure 
trace and equilibration of RV and LV 
diastolic pressures after saline infusion. 


CONTROL 


ECHOCARDIOGRAPHY. Except in extreme cases, pericar- 
dial thickness cannot be determined accurately by 
echocardiography. Pericardial disease may not be sus- 
pected unless there is an increase in pericardial fluid. 
Most of the reliable echocardiographic changes reflect 
altered hemodynamics, including flat diastolic left ven- 
tricular wall motion, rapid E-F slope, early pulmonic 
valve opening, abnormal systolic or diastolic septal mo- 
tion, and respiratory variation in the isovolumic relax- 
ation time.’ ° Doppler echo interrogation of trans- 
mitral and pulmonary venous flows can be helpful in 
establishing a diagnosis.’ In humans with constrictive 
pericarditis there is a marked decrease in pulmonary 
venous and transmitral flow velocities during expira- 
tion that is not observed in normal patients or in 
patients with restrictive myocardial disease. These echo 
changes have not yet been identified in dogs or cats. 


THERAPY AND PROGNOSIS. Surgery is required to treat 
constrictive pericarditis successfully.” 1°5-197 Fibrosis is 
primarily limited to the parietal pericardium in most 
dogs, allowing subtotal parietal pericardiectomy. When 
the visceral pericardium and epicardium are signifi- 
cantly involved, surgery is more difficult and the out- 
come less favorable. In this circumstance, successful 
surgery requires decortication and removal of both 
the parietal and visceral pericardial layers. Reported 
complications include damage to coronary arteries, 
arrhythmias, and pulmonary thromboembolism. None- 
theless, most patients can be expected to survive sur- 
gery and experience substantial clinical improvement. 


OTHER CARDIAC NEOPLASMS 


ETIOLOGY. In dogs, the overall prevalence of cardiac 
neoplasia, including hemangiosarcoma and heart-base 
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tumors, was reported to be 0.17 percent of hospital 
admissions (based on the Veterinary Medical Database 
at Purdue with 638,867 cases from 1982 to 1993).!% 
Primary cardiac tumors in dogs include chondro(sar- 
co)ma, fibro(sarco)ma, hemangio(sarco)ma, leiomyo- 
(sarco)ma, lipofibroma, lymphangioendothelioma, 
mesothelioma, myxofibroma, myxoma, neurofibroma, 
rhabdomyo(sarco)ma, and ectopic thyroid, mixed 
spindle cell, and round cell sarcomas.' Metastatic 
carcinomas and various types of sarcomas have also 
been reported, including chemodectoma and parathy- 
roid and thyroid carcinomas. 

Tumors infiltrating the heart can be exceptionally 
difficult to diagnose, and most are fortuitously discov- 
ered when echocardiography is performed for some 
other reason. When metastatic or infiltrative lesions 
are observed, a careful search for the primary tumor 
site should be conducted. A cardiac biopsy may be 
required to establish an antemortem diagnosis. 

An obstructing mass in the right atrium of a dog is 
most likely to be a hemangiosarcoma, but myxomas are 
also prone to develop in this location. Right ventricular 
outflow tract tumors are usually chemodectomas or 
ectopic thyroid tumors. Masses compressing the left 
atrium and obstructing pulmonary venous inflow are 
usually chemodectomas arising from the caudal aspect 
of the aorta, but ectopic thyroid and parathyroid tu- 
mors also may develop in this location. The left ventric- 
ular inflow region may be occluded by myxoma or 
other tumor arising from the left atrium or mitral 
valve. Metastatic tumors and rhabdomyosarcomas tend 
to infiltrate the myocardium, induce arrhythmias, or 
cause pericardial effusion. 

In cats, the overall prevalence of cardiac neoplasia 
was less than 0.03 percent of hospital admissions 
(based on the Veterinary Medical Database at Purdue 


with 210,388 cases from 1982 to 1993).'°8 Other than 
lymphoma, feline cardiac tumors include chemodec- 
toma, metastatic hemangiosarcoma, fibrosarcoma, pul- 


mo 


nary carcinoma, and mammary gland carcinoma. 


THERAPY. Treatment of cardiac neoplasia often in- 
volves a combination of surgery, chemotherapy, and 
radiation.**** *7 A cardiac surgeon and oncologist 
should be consulted prior to initiating therapy. 
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EPIZOOTIOLOGY 


Heartworm disease occurs throughout the United States.’ Infection rates 
of up to 45 percent occur within 150 miles of the Atlantic coast from Texas 
to New Jersey and along the Mississippi River and its major tributaries. The 
infection rate is lower in the remainder of the United States and southern 
Canada. There are many other important world endemic areas, including 
Japan, Australia, and some Mediterranean countries.” 

The risk of heartworm infection is correlated with signalment and life- 
style.’ Dogs housed outside are four to five times more likely to be infected 
than indoor dogs; sporting breeds generally experience the highest infection 
rates. Male canine infections were reported four times more often than 
female infections,* although one study indicated that spayed females housed 
entirely outside were at greatest risk for heartworm infection.** Dogs as 
young as | year of age can have heartworm infection, but most infected dogs 
are 3 to 6 years old when diagnosed.* The hair coat does not affect the 
probability of heartworm infection.* 


LIFE CYCLE (Dirofilaria immitis) 


Heartworm infection is spread by many different mosquito species, and 
the geographic distribution of infection is directly related to that of the 
susceptible mosquitoes.” The season and feeding habits of specific mosquito 
species may determine the timing of heartworm infection in susceptible 
dogs.® Cats are less likely to be bitten by mosquitoes, but at least one species 
(Culex) is more likely than other mosquitos to bite felines.’ 

Female mosquitoes serve as intermediate hosts after obtaining blood meals 
from dogs with circulating D. immitis microfilariae. Microfilariae develop 
within the mosquito and are capable of infecting another dog within 2 to 
2.5 weeks.” 8 Development of microfilariae to infective third-stage larvae (Ls) 
is heat dependent. Incubation requires average daily temperatures greater 
than 57°F. When the average daily temperature for any 30-day period is 
under 65°, transmission of infective heartworm larvae is unlikely. Infective 
larvae enter the host’s skin via the mosquito’s bite wound. After 3 to 4 
months, young adults (L;) enter the vascular system and travel to the small 
pulmonary arteries. Microfilariae are first seen in the blood approximately 6 
months after infective larvae enter their new host. Numbers usually increase 
markedly during the next 6 months, after which microfilarial concentration 
frequently declines.* 


PATHOGENESIS OF 
HEARTWORM DISEASE 


Disease severity and onset are determined, in part, 
by the number of adult heartworms, which varies from 
l to more than 250 worms per dog.’ Dogs with a 
high heartworm burden generally experience greater 
pulmonary vascular disease and more severe pulmo- 
nary hypertension than do lightly infected dogs. In an 
average-sized (25-kg) dog, nearly all the heartworms 
reside in the caudal pulmonary arteries until the heart- 
worm number exceeds 25. As their numbers increase, 
more are found in the right ventricle and pulmonary 
arteries. The right atrium frequently contains heart- 
worms when more than 50 worms are present, and 
infections with such high numbers of worms frequently 
result in their extension into the vena cava.” Dogs 
infected with more than 100 worms are at substantial 
risk of developing the vena caval syndrome.*"” 

Large numbers of worms can mechanically obstruct 
the flow of blood, whether they are located in the 
venae cavae, right atrium, or pulmonary arteries.’ 
In this circumstance, physical worm extraction may 
immediately improve cardiovascular function and clini- 
cal signs. However, in most infected dogs, clinical signs 
primarily reflect the host’s responses to the worms and 
their excretory products, rather than their physical 
presence. Clinical consequences include pneumonitis, 
granuloma formation, pulmonary endarteritis, throm- 
boembolism, pulmonary hypertension, and cor pulmo- 
nale. 


HOST RESPONSE TO LIVE 
HEARTWORMS 


Damage to the pulmonary arterial endothelial lining 
is evident within 3 days of experimental transplanta- 
tion of adult heartworms into healthy dogs.'! Prior to 
melarsomine administration, it is important that the 
patient’s cardiopulmonary complications be improved 
as much as possible using oxygen, heparin, or other 
supportive measures as required. Patients with severe 
heartworm disease may have marked pulmonary hy- 
pertension, thromboembolism and associated dyspnea, 
hypoxemia, coughing, and hemoptysis. Anemia, 
thrombocytopenia, disseminated intravascular coagu- 
lopathy, and ascites are often present. Echocardiogra- 
phy may reveal severe RV dilation with decreased con- 
tractility and reduced LV and aortic root size due to 
inadequate RV output. Severely affected dogs whose 
cardiopulmonary status cannot be stabilized may die 
prior to or within a few weeks of melarsomine treat- 
ment. Heartworms in the pulmonary arteries produce 
endothelial swelling, widened intercellular junctions, 
sloughing of longitudinal strips of endothelium, and 
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adhesion of activated leukocytes and platelets to the 
damaged area (Fig. 30-1). This increases vascular en- 
dothelial permeability to serum proteins and water, 
with leakage into the perivascular interstitium.'' '? Tro- 
phic factors, such as platelet-derived growth factor 
(PDGF), are released by activated platelets and leuko- 
cytes. They stimulate migration and multiplication of 
smooth muscle cells within the tunica media. Within 3 
weeks, rapidly dividing smooth muscle cells migrate 
from the media to the intima and multiply. 

Pulmonary arterial villi induced by heartworm- 
infected dogs consist of rapidly dividing smooth mus- 
cle cells and the collagen produced by them (Fig. 
30-2). They range in size from a few microns to several 
millimeters (Fig. 30-3). Endothelial damage and vil- 
lous proliferation are most pronounced in the caudal 
and accessory lung lobes, reflecting the distribution 
pattern of adult heartworms.''"* With relatively brief 
heartworm infections, vascular endothelial resolution 
occurs within 4 to 6 weeks following adulticide treat- 
ment.* ° 

Arteriographic abnormalities are apparent within a 
few weeks of adult heartworm residence. Caudal and 


FIGURE 30-1 


Drawing of the surface of the pulmonary artery as it appears by 
scanning electron microscopy. This injury can be seen within 3 
days after heartworms arrive within the pulmonary circulation. 
Endothelial cells (E) are rounded and disoriented compared with 
normal endothelial surfaces. Leukocytes (L) that are ruffled adhere 
to a strip of arterial wall that has been denuded of endothelium. 
Adhesion and activation of platelets (p) and leukocytes result in 
release of trophic factor(s) that stimulates smooth muscle cells to 
form villi (see Figure 30-2). (From Rawlings CA, Keith JC Jr, 
Schaub RG: Development and resolution of pulmonary disease in 
heartworm infection: Illustrated review. J Am Anim Hosp Assoc 
17:711, 1981, with permission.) 
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accessory lobar arteries dilate, become tortuous, de- 
velop aneurysms, and lose their normal tapering arbo- 
rization (Fig. 30-4). Smaller arteries appear to be 
abruptly pruned. Blood flow is diverted from ob- 
structed areas of the lung to the more normal lung 
lobes. Arterial dilation and tortuosity, as well as pulmo- 
nary hypertension, can resolve following reduction or 


FIGURE 30-2 


Light micrograph of villi (V) projecting from the 
surface of a heartworm-injured pulmonary artery into 
its lumen. Villi are composed of rapidly dividing 
smooth muscle cells and fibrous connective tissue. 
The base of the villi appears to arise from the tunica 
media. The luminal surface, when viewed by scanning 
electron microscopy, is covered by endothelium-like 
cells. 


elimination of heartworms by adulticide treatment.'® '® 
Central arterial lesions resolve more completely than 
peripheral ones.'*'” Decreases in the diameter of the 
large, elastic pulmonary arteries are due, in large part, 
to the decline of pulmonary arterial pressure.'® '* Re- 
sidual fibrosis of the more distal arteries often remains. 


Increased interstitial densities occur on thoracic ra- 


FIGURE 30-3 


(A, B) Scanning electron micrographs (X 100) of the surface 
of the right caudal lobar pulmonary artery of a heartworm- 
infected dog, showing extensive rugose and villous myointimal 
lesions. Both large, round (A) and large, linear (B) lesions are 
present. (C) Myointimal proliferation is visible grossly on the 
surface of an opened pulmonary artery. 


FIGURE 30-4 

Postmortem pulmonary arteriogram from a dog with heartworm 
infection. The right caudal lobar artery (a) is dilated and severely 
tortuous. Branches from the lobar artery are also dilated and 
tortuous, whereas their branches appear abruptly pruned (arrow). 
The dilated arteries are large enough to contain heartworms and 
sustain the most severe villous proliferation. 


diographs and probably result from perivascular fluid 
leakage and inflammatory cell accumulation.’ In- 
creased vascular permeability can also produce an alve- 
olar pattern (Fig. 30-5). Alveolar densities typically 
resolve rapidly with appropriate treatment, whereas 
interstitial changes often persist, even after elimination 
of adult heartworms.? Much of the vascular pathology 
can be prevented with platelet-inhibiting drugs.'* '° 


HOST RESPONSE TO DEAD 
HEARTWORMS 


The most severe pulmonary lesions occur after adult 
heartworms have died and their fragments have been 


FIGURE 30-5 


Ventrodorsal thoracic radiograph depicting mixed 
interstitial alveolar lung disease in the caudal lobes. 
The right caudal lobar artery is large and tortuous 
(arrows). 
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swept distally into small pulmonary arteries. The re- 
sponse at the pulmonary arterial surface is an exacer- 
bation of that described for live heartworms. Exuber- 
ant villous proliferation is complicated by the 
development of thrombi and granulomatous inflam- 
mation about the dead heartworms.'" '* '® 18 Blood 
flow to certain lung regions becomes severely im- 
paired’® 7 (Fig. 30-6). Caudal lung lobes may become 
severely consolidated, with impaired capacity for gas 
exchange or blood flow (Fig. 30-7).'*' Severe 
coughing, dyspnea, and hemoptysis may develop, and 
increased vascular resistance can produce acute right 
heart failure.’ 


OCCULT HEARTWORM INFECTIONS 


The percentage of occult heartworm infection varies 
between 5 and 67 percent.”™® It probably represents 
10 to 20 percent of the total infection in most regions 
of the United States. 

Occult infections occur in several circumstances.?” 
Microfilariae are not produced during the prepatent 
period in dogs with single sex heartworm infections, 
or when adult worms are rendered infertile as a result 
of drug therapy.*” * In addition, occult infections can 
result when microfilariae are destroyed by immune- 
mediated processes. Prior to the introduction of the 
macrolide antibiotics for heartworm prevention, uni- 
sex and prepatent infections accounted for 57 to 85 
percent of occult infections in the United States, Aus- 
tralia, and Japan.” The extensive use of ivermectin 
and milbemycin oxime during the past few years has 
probably greatly increased the percentage of drug- 
induced occult heartworm cases.*” *! Unisex infections 
occur more frequently in regions of low heartworm 
incidence, as fewer larvae are inoculated into the host. 
Prepatent infections are common during the winter 
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and spring months in dogs that have been infected 
during the previous late summer or fall. Microfilariae 
are absent from the circulation for 6 months following 
inoculation. Mature female worms contribute most of 
the antigen detected by serologic tests, and circulating 
antigen is not detectable until 7 or 8 months postinoc- 
ulation. 

Immune-mediated occult infections result from host 
hypersensitivity to microfilarial antigens.” Antibody 
(IgG) excess predisposes to occult infections. Anti- 
body-dependent leukocyte adhesion to microfilariae 
in the pulmonary capillaries results in microfilarial 
entrapment.” * Microfilaria-leukocyte complexes are 
engulfed by phagocytic cells of the pulmonary reticulo- 
endothelial system, and granulomatous inflammation 
ensues. Immune-mediated destruction of microfilariae 
can produce specific clinical syndromes, such as aller- 
gic pneumonitis and pulmonary eosinophilic granulo- 
matosis. Up to 70 percent of dogs with severe pulmo- 
nary arterial disease have occult heartworm infections, 
suggesting a large contribution of the immune re- 
sponse to arterial lesions. 

Occult heartworm infections also result from long- 
term administration (26 months) of macrolide agents 
at prophylactic doses.*° “© Even when macrolides are 
withdrawn, microfilariae do not reappear for months, 


FIGURE 30-6 


Right pulmonary arteriogram (enhanced by an illustrator) 
demonstrating obstruction of blood flow to the right caudal lung 
lobe following adulticide treatment. Distal arteries (large white 
arrow) do not fill, probably due to intraluminal thrombosis, 
exuberant villous proliferations, or dead heartworm fragments with 
surrounding granulomatous inflammation. Dead and dying 
heartworms (open arrow) are characterized radiographically by a 
crumpled silhouette in the area of sluggish blood flow. Despite 
severe angiographic obstruction of arterial flow, this dog did not 
have clinical cardiopulmonary signs, probably because it was strictly 
confined following thiacetarasamide treatment. (From Rawlings 
CA, Keith JC Jr, Schaub RG: Development and resolution of 
pulmonary disease in heartworm infection: Illustrated review. J Am 
Anim Hosp Assoc 17:711, 1981, with permission.) 


FIGURE 30-7 


Ventrodorsal radiograph demonstrating partial consolidation of the 


right caudal lung lobe of a dog 17 days postadulticide treatment. 
Air bronchograms are present (arrows), indicating an alveolar lung 
pattern. The animal exhibited coughing, hemoptysis, tachypnea, 
pyrexia, tachycardia, pale mucous membranes, lethargy, and 
anorexia. 


if at all.*° °° Initiation of monthly macrolide prophy- 
laxis in dogs harboring immature worms consistently 
induces occult infections if the worms are not killed.” 
Microfilarial production is also suppressed by high 
ivermectin doses (2200 wg/kg) used to treat other 
parasites.” Drug-induced occult heartworm infections 
can usually be detected by antigen-detecting serologic 
tests. 


CLINICAL EVALUATION OF 
HEARTWORM-INFECTED DOGS 


CLINICAL SIGNS OF HEARTWORM 
INFECTION 


Clinical signs reflect the number of heartworms 
present, the duration of infection, and host response. 
Most dogs are asymptomatic. Coughing and dyspnea 
are the most common signs and are usually associated 
with parenchymal disease of the caudal lung lobes. 
Edema and inflammation around the arterioles and 
small airways may stimulate coughing. 

Eventually, increased vascular resistance and pulmo- 
nary hypertension develop in heartworm-infected 


dogs. This decreases exercise ability and results in right 
ventricular dilation, hypertrophy, and failure. In- 
creased pulmonary vascular resistance impedes arterial 
blood flow and increases right ventricular work. Severe 
disease restricts the ability to recruit arteries for the 
high blood-flow rate needed for exercise.'© Dyspnea 
results from the pulmonary vascular and parenchymal 
changes induced by adult heartworms, accompanying 
increase in pulmonary vascular resistance, and the re- 
sulting ventilation-perfusion mismatch. Arterial hy- 
poxemia exacerbates pulmonary hypertension.* 

Signs of right-sided congestive heart failure, such as 
ascites, develop late. Physical examination may then 
reveal splitting of the second heart sound, a right 
apical gallop, distended jugular veins, and abnormal 
lung sounds. Signs of heart failure are often exacer- 
bated by exercise. Cardiac cachexia develops with ad- 
vanced heartworm disease and chronic right heart fail- 
ure. Hemoptysis occasionally occurs in untreated dogs 
but is more commonly observed following adulticide 
therapy. It results from vascular and airway wall rup- 
ture, probably induced by coughing. Bleeding usually 
occurs in the caudal lung lobes, where vascular and 
parenchymal changes are most severe. 


CLASSIFICATION OF HEARTWORM- 
INFECTED DOGS 


Based on historical findings, clinical signs, physical 
examination, thoracic radiograph assessment, and lab- 
oratory data, heartworm-infected dogs can often be 
placed into one of three classes (Table 30-1).*° Class 1 
dogs are asymptomatic or mildly symptomatic; class 2 
dogs have moderate disease; and class 3 dogs have 
severe heartworm disease. Important historical and 
physical findings suggesting more advanced heart- 
worm disease include exercise intolerance, persistent 
or severe coughing, syncope, hemoptysis, weight loss, 
and ascites. Thoracic radiography most accurately re- 
flects the severity of heartworm disease. 

The prognosis for dogs with class 1 disease is excel- 


TABLE 30-1 
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lent. Successful therapy should return the dog to pre- 
infection status. Dogs with class 3 disease often do 
poorly. For large numbers of worms accompanied by 
severe clinical signs, worm extraction and antiplatelet 
or anticoagulant treatment combined with cage con- 
finement or an alternative melarsomine dihydrochlo- 
ride treatment regimen should be considered.*? 
Such modifications may produce over 80 percent sur- 
vival, compared with 40 to 50 percent survival when 
standard therapy is used.** 4 


DIAGNOSIS OF HEARTWORM 
INFECTION 


The classic screening method that relied on identi- 
fying microfilariae in venous blood has largely given 
way to highly sensitive and specific immunodiagnostic 
serologic tests. Antigen-detecting serologic tests have 
gained advantage because they can detect occult infec- 
tions, which comprise about 20 percent of the total 
number of heartworm cases. For this reason, the inci- 
dence of falsely negative heartworm antigen tests is far 
less than that of any microfilariae-detecting method.” 


IMMUNODIAGNOSTIC TESTING 


Commercially available immunodiagnostic tests de- 
tect heartworm infection more accurately than micro- 
filarial concentration tests. Heartworm antigen tests 
are very specific (98%), and false-positive results are 
uncommon when the tests are properly performed.** 
Nonetheless, false-positive results pose a problem when 
screening dogs where heartworm prevalence is low. 

The predictive value of a positive test (the percent 
of test-positive dogs that actually have heartworm infec- 
tion) depends on test specificity and disease preva- 
lence. In areas of low heartworm prevalence, the 
positive predictive accuracy of an antigen test is much 


Classification of Heartworm Disease Severity Based on Signs, Physical Examination, and Radiographic Findings 


Class Clinical Signs Examination Findings Radiographic Findings 

1 None to occasional cough Normal examination No lesions 

2 Occasional cough and mild-to- Increased lung sounds Slight pulmonary arterial enlargement. 
moderate exercise Fair general condition Circumscribed perivascular density 
intolerance plus mixed alveolar-interstitial 

lesions 

3 Persistent cough, moderate-to- Increased lung sounds Moderate-to-severe pulmonary arterial 

severe exercise intolerance Accentuated or split Sə enlargement 


Weight loss, cachexia 
Respiratory distress 
Overt right heart failure 
General loss of condition 


Right apical gallop 
Tachypnea, dyspnea 


RV enlargement 
Diffuse and severe pulmonary 
infiltrates 
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lower than in areas of high infection prevalence. 
Weakly positive test results should always be repeated, 
preferably utilzing a different test. A positive microfi- 
larial concentration test resolves the dilemma of uncer- 
tain antigen test results. 

Serologic tests detect the presence of mature female 
worms; live male worms contribute little or nothing to 
a positive antigen test. “ Thus, falsely negative serol- 
ogy test results are most likely to occur when the 
infection is recent (less than 7 months postinocula- 
tion), or when female worms are absent or number 
only a few. Antigenemia is absent or too low to be 
detected up to 5 months postinoculation of Ls, and 
false-negative test results can occur for up to 8 
months.* This is important when evaluating dogs with 
prepatent infections that were infected late in the pre- 
vious summer and tested in March and April. 

Although some commercial antigen test kits can de- 
tect the presence of a single adult female worm,” 
sensitivities are somewhat variable.* Falsely negative 
test results are common with less than three female 
worms, particularly if they are younger than 1 year 
old. A protein expressed by L, heartworm larvae has 
recently been identified and cloned by recombinant 
techniques." This antigen has been used experimen- 
tally to detect prepatent, single sex, and male worm 
infections, suggesting that improvements in serologic 
testing will overcome existing deficiencies.” 

Currently, three companies (IDEXX Laboratories, 
Inc., Synbictics Animal Health, and Rhone Merieux, 
Inc.) produce all the heartworm serology tests avail- 
able in the United States. Most of the available tests 
are enzyme-linked immunosorbent assays (ELISA) but 
one test (VetRed, Rhone Merieux, Inc.) is a hemagglu- 
tination-based kit, and one (ICT GOLD HW) is an 
immunochromatographic assay."°°'* Some tests require 
serum or plasma, whereas others can be performed 
using whole blood. Most tests employ positive and 
negative controls; some are more convenient when 
large numbers of tests are to be run simultaneously; 
and some require more time to perform. Sensitivities 
and specificities of some of the rapidly performed tests 
are less than desirable. The various serology tests also 
differ from each other relative to ease of interpreta- 
tion. 

Antigen-detecting serologic tests are semiquantita- 
tive—that is, a rapidly developing, strong reaction usu- 
ally indicates a relatively large worm burden. This 
information may be useful, as dogs with higher worm 
burdens are at risk for more severe pulmonary throm- 
boembolic events following treatment. Dogs with a 
high concentration of heartworm antigen should be 
meticulously evaluated and treated with caution. 

Most heartworm-infected dogs in the continental 
United States have low worm burdens as assessed sero- 
logically, and thoracic radiographs and clinical signs 
are adequate to estimate disease severity and the risk 


of postadulticide complications. High worm burdens 
and high levels of circulating antigen are much more 
common in the Caribbean and Hawaii. 


MICROFILARIAE TESTING 


Testing for microfilariae is indicated in all heart- 
worm-infected dogs. Microfilarial screening is essential 
in all dogs receiving or intended to receive diethylcar- 
bamazine. Microfilarial concentration tests (e.g., modi- 
fied Knott’s or filter tests) are reasonably accurate, and 
the choice is a matter of tradition and individual bias. 
Routinely, a drop of whole blood is held back from 
the concentration test sample for a direct smear. If 
the direct smear is positive and the microfilariae are 
identified as D. immitis, the more time-consuming con- 
centration test is unnecessary. Since the direct smear 
is less sensitive than concentration tests, a negative 
result does not rule out infection. Over 90 percent 
of all dogs with circulating microfilariae have adult 
infections.” The most accurate heartworm screening 
tests in dogs 6 to 7 months of age are the microfilariae- 
detecting tests, because detectable antigen concentra- 
tions are not usually present until 8 months postinocu- 
lation. 

The microfilariae of D. immitis must be distinguished 
from those of Dipetalonema reconditum. The direct wet 
smear prepared from a drop of venous blood can be 
used for differentiation. In general, the concentration 
of D. immitis microfilariae is higher than that seen with 
D. reconditum, in which usually only a few are seen. 
The microfilariae of D. immitis tend to gyrate without 
progressive movement across the field, whereas those 
of D. reconditum exhibit progressive, undulating move- 
ment across the field. The D. immitis microfilariae are 
larger, with a diameter as large as or larger than that 
of canine red blood cells.? More specific morphologic 
criteria have been defined based on the appearance of 
microfilariae fixed in 2 percent formalin for the 
Knott’s test. Microfilariae of D. immitis are usually over 
290 microns in length and 6 microns in width, whereas 
D. reconditum are less than 275 microns long and 6 
microns wide. D. immitis has a tapered anterior end; D. 
reconditum has a blunt anterior end and a cephalic 
hook.” 

Only rarely are microfilariae detected when antigen 
test results are negative. For this reason, the combined 
use of these tests for routine screening purposes is not 
recommended. 


CLINICAL EVALUATION OF 
HEARTWORM-INFECTED DOGS 


Determination of hematocrit, blood urea nitrogen 
(BUN); and urine specific gravity is adequate for 


young and asymptomatic dogs, but we prefer to obtain 
a complete blood count with platelet count, serum 
chemistry profile, and urinalysis in all candidates for 
adulticide therapy. Testing for microfilariae is indi- 
cated in all dogs in which diagnosis was initially made 
by serology. Conversely, an adult antigen test is useful 
whenever the diagnosis is made by identification of 
microfilariae. 

Although the vast majority of microfilariae-positive 
dogs have live adult worms, the worm burden cannot 
be predicted by the number of circulating microfila- 
riae. In contrast, a strong antigen test reaction usually 
indicates a high worm burden. Such dogs are at in- 
creased risk of severe postadulticide thromboembolic 
complications. Comparison of preadulticide with 3- 
month postadulticide antigen testing can identify per- 
sisting adult worms and their relative numbers. 

Thoracic radiographs provide more information 
about the severity of heartworm disease than any other 
single test (see later).**+ °° Only in selected cases does 
an electrocardiogram (ECG) or echocardiogram pro- 
vide useful information. 


CLINICAL PATHOLOGY 


Most of the hematologic abnormalities associated 
with heartworm infections are mild. Increased num- 
bers of eosinophils and basophils are a common but 
nonspecific finding in heartworm-infected dogs. Such 
changes are often observed in dogs with occult heart- 
worm infections or allergic pneumonitis. The absence 
of eosinophilia or basophilia is not predictive of free- 
dom from heartworms. Eosinophil and basophil num- 
bers are frequently higher in dogs with Dipetalonema 
reconditum infections than in dogs with D. immitis.*° 

A mild, nonregenerative anemia is commonly ob- 
served in dogs with chronic and severe heartworm 
infection. A more severe, regenerative anemia is some- 
times seen in dogs with the caval syndrome or severe 
pulmonary arterial disease. Regenerative anemia re- 
sults from intravascular hemolysis and is often accom- 
panied by hemoglobinuria. It occurs most commonly 
in dogs with caval syndrome or severe pulmonary 
thromboembolic disease. Thrombocytopenia is ob- 
served in dogs with low-grade or chronic disseminated 
intravascular coagulation, and in dogs with severe pul- 
monary arterial disease with thromboembolism. In- 
flammatory leukograms may occur in dogs with large 
pulmonary thrombi or infiltration by plasma and in- 
flammatory cells. 

Hypoalbuminemia occurs in dogs with chronic or 
severe heartworm disease either as the result of pro- 
tein-losing glomerulonephropathy (amyloidosis or im- 
mune complex disease), or as a manifestation of right- 
sided congestive heart failure. Hepatic insufficiency 
occasionally contributes to hypoalbuminemia in dogs 
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with chronic right-sided congestive heart failure. More 
often, hypoproteinemia is dilutional in such patients 
as excess sodium and water is retained and plasma 
volume increases. Proteinuria is also a common se- 
quela of heartworm disease. Although proteinuria is 
mild in most patients, moderate-to-severe proteinuria 
indicates severe glomerular disease, particularly when 
associated with hypoalbuminemia. Irreversible glomer- 
ular disease is uncommon but results in renal failure 
and the nephrotic syndrome. 


RADIOGRAPHIC FINDINGS 


Thoracic radiography is the most useful and cost- 
effective diagnostic procedure available for characteriz- 
ing the severity of heartworm disease. Common pul- 
monary arterial abnormalities include (1) increased 
prominence of the main pulmonary artery, (2) en- 
larged lobar pulmonary arteries, (3) enlargement or 
abnormal tapering of the peripheral pulmonary arter- 
ies, (4) interstitial and alveolar lung changes, and (5) 
right ventricular enlargement.**” Arterial lesions and 
associated parenchymal disease tend to be more severe 
in the caudal lung lobes.'® The diameter of the caudal 
lobar arteries at their intersection with the 9th rib 
should be no larger than the narrowest diameter of 
the 9th rib as viewed on the dorsal-ventral projection.” 
57. 98 The lateral radiograph is used to measure the 
right cranial lobar artery and to characterize the pa- 
renchymal pattern in the caudal lung lobes. The diam- 
eter of the right cranial lobar artery at the intersection 
with the right 4th rib should not exceed the narrowest 
diameter of the 4th rib. 

Excessive emphasis is often placed on identifying 
right ventricular enlargement. Radiographic assess- 
ment is subjective, as the morphology of the cardiac 
silhouette varies with breed.” Overinterpretation of 
right ventricular enlargement in round-chested dogs is 
common and may cause a false-positive diagnosis of 
heartworm disease.” 

The frequency of associated radiographic abnormali- 
ties varies. In one referral institution, 86 percent 
of 200 microfilaria-positive dogs had radiographic 
changes typical of heartworm infection.®’ Approxi- 
mately 10 to 15 percent had evidence of severe right 
ventricular enlargement.*” *8 These percentages vary 
with the spectrum of disease seen in a particular prac- 
tice area. Dogs that are more heavily infected with 
heartworms usually have more severe radiographic 
signs (Fig. 30-8). Approximately 60 to 70 percent of 
heartworm-infected dogs have enlargement of the 
main pulmonary artery.” 5 Lobar arterial disease (en- 
largement and/or tortuosity) is present in approxi- 
mately one half of our patients and is easily 
assessed.°” 58 When the diameters of the lobar arteries 
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FIGURE 30-8 


Dorsoventral (A) and lateral (B) thoracic radiographs of two dogs with severe heartworm disease. 
The lobar arteries are very large and tortuous (arrows). There is marked enlargement of the main 


pulmonary artery (P) and right side of the heart. 


are increased, the likelihood of heartworm infection is 
high.*” 58 

The most severe parenchymal lung changes occur 
following adulticidal treatment when dead heartworms 
are washed into the distal pulmonary arteries. Radio- 
graphic signs include alveolar and interstitial changes 
(see Fig. 30-7). Similar changes are observed less fre- 
quently prior to adulticide treatment. Typical alveolar 
patterns include radiographic densities with ill-defined 
fluffy margins that coalesce, that contain air broncho- 
grams, that exhibit lobar distribution, or are centrally 
located. These are most commonly observed adjacent 
to the lobar pulmonary arteries in the caudal and 
intermediate lung lobes.***! 

Alveolar lung patterns usually regress rapidly follow- 
ing successful adulticide treatment. These infiltrates 
and associated clinical signs often resolve quickly with 
corticosteroid treatment.” © Increased interstitial den- 
sities indicate fibrosis produced by chronic disease and 
are generally irreversible. 


ELECTROCARDIOGRAPHY 


Electrocardiography is not a very useful test for 
heartworm disease. At least 90 percent of infected dogs 
have normal ECGs.™ Severe pulmonary arterial disease 
is always present by the time the ECG criteria for right 
ventricular hypertrophy become unequivocal. In over 
50 percent of such dogs, overt right-sided congestive 
heart failure (CHF) is present.*® *" °° Thus, the main 
value of the ECG is to characterize the nature of an 
auscultated arrhythmia. 


ECHOCARDIOGRAPHY 


Echocardiography can be used to (1) evaluate right- 
sided heart function, (2) estimate the number and 
location of heartworms (Fig. 30-9; see also Fig. 31-5), 
and (3) determine the severity of pulmonary hyperten- 
sion (Doppler studies). When pulmonic or tricuspid 
valve insufficiency is present, pulmonary artery pres- 
sures can be quickly and rapidly estimated by measur- 
ing the peak velocities of the regurgitant jets. Dogs 
with severe pulmonary hypertension typically have a 
dilated right ventricle with reduced contractility, right 
atrial enlargement, and enlarged pulmonary arteries. 
Not all dogs with severe heartworm disease have high 
worm burdens. Class 2 dogs have a higher mean anti- 
gen concentration than class 3 dogs. This indicates a 
reduced worm burden but more severe vascular dis- 
ease in the latter group.°' The prognosis and form of 
treatment selected are affected by worm burden as 
well as the severity of pulmonary vascular disease. 


HEARTWORM ADULTICIDE 
THERAPY 


Nearly all heartworm-infected dogs are acceptable 
candidates for treatment. Success rates for class 1 and 
class 2 dogs are very high. Class 3 dogs often can be 
helped, although the risk of severe, life-threatening, 
post-adulticidal pulmonary complications is higher. 
Modifications of treatment protocols used in dogs with 
milder disease are strongly advised for class 3 patients 
and class 2 dogs with high worm burdens. Dogs with 


FIGURE 30-9 


Echocardiograms of a beagle-cross 
dog with severe heartworm disease. 
Frame 1: Two-dimensional echo 
(right parasternal long axis view) 
showing heartworms in the right 
atrium (RA) and right ventricle (Rv), 
which appear as white, echogenic 
specks (arrows). The RA and Rv are 
dilated whereas the left atrium (LA) 
and left ventricle are reduced in 
size. The interventricular septum (S) 
is flattened in this view and in the 
short axis view in Frame 2. Frame 3: 
M-mode echocardiogram recorded 
at the level of the right ventricle 
(Rv) and aorta (A). The aortic valve 
leaflets are seen to close gradually 
during systole (arrows) due to 
decreased forward stroke volume 
from heartworm disease. Normally, 
they stay open throughout systole, 
appearing as a ‘“‘box,” and close 
abruptly at end-systole. The Rv is 
enlarged. S, septum. Frame 4: Two- 
dimensional echocardiogram (left 
apical long axis view) recorded 2 
days after frames 1-3. Pleural 
effusion (PIF) has developed. The 
main pulmonary artery (PA) is 
dilated. Heartworms (arrow) are 
present in the right atrium (RA). 
(Courtesy of Dr. N. Sydney Moise.) 


serious concomitant problems, such as hepatic insuffi- 
ciency, renal failure, or the nephrotic syndrome, are 
not particularly good candidates for adulticidal ther- 
apy. Also, the treatment of some very old dogs may 
not be appropriate, particularly if the patient has class 
1 or 2 disease and the infection is not life-limiting. 
Arsenical drugs with adulticidal properties include 
thiacetarsamide (shortcomings include a narrow thera- 
peutic index, lack of efficacy against young female 
heartworms, and the requirement for—and hazards 
of—intravenous administration), and melarsomine di- 
hydrochloride (good efficacy against immature and 
young adult heartworms which are the least sensitive 
to thiacetarsamide).® °° Every dog should be carefully 
evaluated prior to initiating therapy and re-evaluated 
prior to each injection. Anorexia, persistent vomiting, 
and icterus are indications to abort arsenical therapy. 
Such complications are rarely encountered with melar- 


somine but can be expected in up to 20 percent of 


dogs receiving thiacetarsamide.™ © 


No clinical pathologic abnormality is predictive of 


acute arsenic toxicity in overtly healthy dogs. Routine 
monitoring of serum liver enzymes during therapy is 
not helpful, as serum levels of the hepatic enzymes 
often rise in dogs that tolerate treatment without other 
adverse sequelae.*” *! Contraindications to arsenical 
therapy in dogs include hepatic insufficiency (indi- 
cated by hypoalbuminemia, moderately to severely ab- 
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normal liver function tests, biopsy-confirmed severe 
hepatic fibrosis, and icterus. 


MELARSOMINE DIHYDROCHLORIDE 


Melarsomine dihydrochloride (Immiticide, Rhone 
Merieux) is an organic arsenical. Unlike thiacetarsa- 
mide, it is highly effective against all ages and both 
sexes of adult D. immitis. ® 6% Prospective clinical 
trials in Europe and the United States*’ °°” have 
demonstrated melarsomine’s efficacy in dogs with mild 
to moderately severe heartworm disease. 

For standard therapy, melarsomine is administered 
at a dosage of 2.5 mg/kg by deep intramuscular injec- 
tion into the epaxial lumbar musculature, and it is 
given as two injections at a 24-hour interval. During 
injection, care must be taken not to deposit the drug 
in the tract as the needle is withdrawn. The needle 
should be withdrawn quickly and digital pressure ap- 
plied over the injection site for 1 minute. These two 
injections eliminate adult worms in approximately 75 
percent of infected dogs, and seroconversion occurs in 
up to 90 percent of all dogs by 8 months after the 
initial treatment.® Four months following initial ther- 
apy, two additional injections can be given at a 24-hour 
interval to eradicate any remaining worms. 

A modified protocol for treating class 3 dogs and 


66 
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class 2 dogs with high worm burdens consists of a 
single initial injection (2.5 mg/kg), followed in 1 
month by two injections at a 24-hour interval. Approxi- 
mately 50 percent of the worms are killed by the 
reduced initial dosage regimen, therefore diminishing 
the severity of postadulticide thromboembolic compli- 
cations. One to several months later, when the pulmo- 
nary response to the initial treatment has subsided, a 
second course of therapy is given to eliminate re- 
maining worms. 

Adverse effects are usually mild, consisting of tender- 
ness and mild swelling at the injection site. Some dogs 
have a reduced appetite for 1 to 2 days. More pro- 
nounced lameness and damage to the sciatic nerve 
can result if melarsomine is injected into the hind 
leg. Systemic side effects are rarely serious enough 
to warrant interruption of treatment. However, dogs 
overdosed with twice the recommended dose of melar- 
somine show obvious distress, salivation, tachycardia, 
tachypnea, colic, restlessness, and apprehension within 
several hours of administration, followed by shock. 
Toxic reactions to melarsomine are treated using Brit- 
ish antilewisite (BAL), 3.0 mg/kg administered two or 
three times 3 hours apart. Although melarsomine is 
a more effective adulticide than thiacetarsemide, the 
severity of post-treatment pulmonary thromboembo- 
lism in dogs treated with melarsomine is reportedly no 
worse than that observed with thiacetarsamide.® All 
factors considered, the therapeutic index of melarsom- 
ine is superior to that of thiacetarsamide sodium. 


THIACETARSAMIDE 


Thiacetarsamide (Caparsolate, Sanofi) is sufficiently 
stable in aqueous solution for storage in multiple dose 
vials. It deteriorates when exposed to light, room tem- 
perature, or air, resulting in a yellow-orange discolor- 
ation or precipitation. 

Its mechanism of action is not certain, but there is 
a direct relationship between blood arsenic concentra- 
tions and adulticide efficacy. Half-life is approximately 
45 minutes, and more than 80 percent of the drug is 
eliminated during the first 48 hours after injection.” 
Peak concentrations of arsenic are similar following 
each injection, but the postdistribution concentration 
rises with each dose. Tissue concentrations are highest 
in the liver and kidneys. Low blood concentrations 
persist for up to 12 days after standard treatment. 

The most important determinant of efficacy is the 
duration of worm exposure to the minimum effective 
concentration of arsenic. Worm kill appears to be less 
in dogs that metabolize and/or excrete thiacetarsam- 
ide rapidly than in dogs that eliminate thiacetarsemide 
more slowly. 

Thiacetarsemide’s steep dose-response curve and 
narrow therapeutic index produce variable efficacy 


and frequent toxicity.” "° The standard treatment regi- 
men is 2.2 mg/kg (0.22 ml/kg) given as four intrave- 
nous injections over a 2-day period. It is important that 
the interval between injections does not exceed 12 
hours. Each injection should be given into a peripheral 
vein as distally as is feasible. Under no circumstances 
should thiacetarsamide be injected unless there is 100 
percent certainty of proper vein cannulation. To facili- 
tate injections, we use a butterfly (scalp) needle and a 
two-syringe technique. After cannulation of the vein, a 
suitable solution is injected in sufficient volume to 
ensure that extravasation does not occur. The flushing 
syringe is detached, the thiacetarsamide-containing sy- 
ringe is attached, and the injection is made over a 
period of 15 to 30 seconds. Multiple injections at the 
same site are not recommended. Some clinicians pre- 
fer to use indwelling catheters and report no complica- 
tions. If an indwelling catheter is employed, a flushing 
solution should be injected prior to each treatment 
to ensure that extravasation of thiacetarsamide does 
not occur, 

Extravasation of thiacetarsamide produces pain, 
heat, and swelling within an hour. Topical DMSO (di- 
methyl sulfoxide) or a DMSO-soluble corticosteroid 
mixture should be applied several times daily for sev- 
eral days. This treatment usually reduces tissue necro- 
sis. 

An important limitation is that immature worms, 
especially females, are not very sensitive to the drug.” 
6,7476 Essentially 100 percent of male heartworms aged 
2, 6, 12, and 24 months are killed using the standard 
thiacetarsamide treatment protocol. By comparison, 
about 40 to 66 percent of the female worms 4 to 12 
months old are killed.” Increasing the dosage by as 
much as 33 percent per injection increases the per- 
centage of heartworms killed,” but the risks of toxic 
reactions and postadulticidal pulmonary thromboem- 
bolic disease are also increased.” Increasing the total 
number of injections to six given over a 3-day period 
does not improve the percent of heartworms killed.” ” 
Despite survival of some heartworms, thiacetarsamide 
treatment usually results in improvement in clinical 
signs and partial resolution of pulmonary vascular dis- 
ease, 

When microfilaremia persists following administra- 
tion of thiacetarsamide and two microfilaricidal doses 
of ivermectin, it is likely that some adult worms have 
survived. Several therapeutic options are available. 
One may repeat the standard thiacetarsamide treat- 
ment regimen immediately, but since most resistant 
infections are due to young female worms, immediate 
retreatment may not be successful. Increasing the dos- 
age of thiacetarsamide by 10 to 20 percent improves 
worm kill but also increases the risk of toxicity.” A 
preferable alternative is to place these dogs on macro- 
lide prophylaxis and perform an antigen test 3 months 
post-thiacetarsamide. If the antigen test is positive, 


adulticide treatment failure is confirmed, and re- 
treatment with thiacetarsemide or melarsomine can be 
considered. This decision to retreat depends on the 
severity of the initial disease, the degree of clinical 
improvement observed, and the dog’s age, health sta- 
tus, and working requirements. Quantitative or semi- 
quantitative antigen-detecting assays may be helpful. If 
retreatment with thiacetarsemide is elected, we prefer 
to wait 6 to 12 months to ensure that the young worms 
have matured and become more sensitive to the drug. 
If owners elect not to retreat, the dog should be placed 
on heartworm prophylaxis with ivermectin. Periodic 
monitoring of thoracic radiographs is also prudent. 


DISCONTINUATION OF 
THIACETARSAMIDE TREATMENT 


Adulticidal therapy should be discontinued in the 
face of impending toxicity. Treatment delay of 1 to 
several months is rarely of consequence. The principal 
indication to abort organic arsenical treatment is acute 
hepatic toxicity. This is recorded in up to 20 percent 
of dogs receiving thiacetarsamide® and occurs most 
often after the first injection. This reaction is uncom- 
mon with administration of melarsomine. 

Protracted, repetitive vomiting and persistent an- 
orexia are the principal clinical signs of toxicity. Icterus 
is an uncommon but serious complication that may 
lead to death. Inadequate pretreatment evaluation or 
inadequate patient observation increases the risk and 
severity of acute toxicity. Although thiacetarsemide re- 
actions can be serious, there have been no deaths 
associated with organic arsenical toxicity in our prac- 
tice during the past 18 years. 

When acute toxicity necessitates discontinuation of 
treatment, supportive care is provided. The pet should 
be discharged only when hydration is adequate, appe- 
tite has returned, and renal function is normal. Restric- 
tion of activity and a high-carbohydrate, low-fat diet 
are prescribed. There is no proven benefit from “liver- 
sparing drugs” containing methionine, choline, and 
inositol. The entire treatment regimen is repeated 4 
to 6 weeks later, at which time acute toxicity is seldom 
encountered. Nearly all dogs that have had an initial 
adverse reaction tolerate a second course of thiacetar- 
samide. 


ANCILLARY DRUG THERAPY 


HEPARIN 


Heparin is often used to treat symptomatic pulmo- 
nary thromboembolism (PTE) following adulticide 
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therapy, or to prevent PTE in dogs with severe pulmo- 
nary arterial disease.” 8 Pulmonary thromboembolism 
is a common complication of heartworm therapy (see 
Figs. 30-4, 30-6, 30-7). It is most frequently seen 5 to 
21 days postadulticidal treatment. On occasion, PTE 
occurs spontaneously. Clinical signs of PTE include 
depression, fever, anorexia, respiratory distress, 
coughing, epistaxis, hemoptysis, pale mucous mem- 
branes, tachycardia, and weak pulses. An inflammatory 
leukogram, thrombocytopenia, and mildly prolonged 
activated clotting time are common laboratory abnor- 
malities in dogs with PTE. Heparin administration (75 
to 150 IU/kg, SQ, tid) frequently produces clinical 
improvement within 24 to 48 hours. The dose should 
be adjusted to prolong the activated partial thrombo- 
plastin time (aPTT) 1.5 to 2 times normal. Heparin 
therapy is continued for 5 to 21 days, with withdrawal 
being gradual over several days. Dogs experiencing 
PTE prior to treatment with an adulticide are at in- 
creased risk for a recurrent episode following adultici- 
dal therapy. 

Low-dose calcium heparin, 50 to 100 IU/kg, subcuta- 
neously three times daily, has also been successfully 
used to reduce the severity of postadulticidal thrombo- 
embolic complications in dogs with severe pulmonary 
arterial disease.” It is begun 1 to 2 weeks prior to and 
is continued for 4 to 6 weeks after adulticidal treat- 
ment. Such therapy is not completely effective, but 
postadulticide mortality is reduced compared with 
dogs treated with aspirin or indobufen.” 


ASPIRIN 


We do not recommend aspirin for the treatment of 
asymptomatic dogs. Aspirin has been used prophylac- 
tically to reduce the severity of laboratory-induced pul- 
monary arterial disease and to treat spontaneously oc- 
curring severe pulmonary arterial disease‘ + 59 60, 79-86 
(see Figure 30-8). Aspirin is administered for 1 to 
several weeks (5-7 mg/kg, daily) prior to and during 
treatment, and for several weeks postadulticide. By 
inhibiting platelet adhesion and activation, myointimal 
proliferation is reduced. 

Clinically, aspirin has been combined with pro- 
tracted cage confinement. Thus, it can be argued that 
cage rest alone may be responsible for improved sur- 
vival. Aspirin and cage confinement for severe heart- 
worm disease do not totally eliminate thromboembolic 
complications. Treatment success may require careful 
patient monitoring and supportive care, heparin, and 
corticosteroids.” 


CORTICOSTEROIDS 


Corticosteroids have been successfully used to treat 
heartworm-infected dogs with eosinophilic pneumoni- 
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tis, pulmonary infiltrates, and eosinophilic granulomas 
developing prior to and after adulticide therapy.** © 
#48 Tn the former two circumstances, prednisone (1.0 
mg/kg daily) is administered until there is clinical and 
radiographic evidence of improvement. 

The indications for and routine use of corticoste- 
roids in heartworm-infected dogs need to be critically 
re-evaluated. Routine prophylactic administration is 
not recommended. Corticosteroids are procoagulant 
and can reduce pulmonary blood flow when adminis- 
tered for several weeks. In addition, corticosteroid ad- 
ministration during and immediately following thiacet- 
arsamide can decrease worm kill. 


TREATMENT MODIFICATIONS 
WITH SEVERE HEARTWORM 
DISEASE 


Heartworm-infected dogs with more advanced pul- 
monary arterial disease and/or high worm burdens 
are challenging to treat. Mortality of 50 to 60 percent 
has been reported in such animals that receive stan- 
dard treatment with thiacetarsemide.*” *' Dogs with 
class 3 disease typically show loss of vigor, exercise 
intolerance, syncope, persistent or severe coughing, 
and/or signs of right-sided congestive heart failure.*°“? 
They tend to be older than dogs with class 1 and 2 
disease and are more likely to have an occult infec- 
tion.” The worm burden is variable in class 3 dogs, 
but on average, it may be lower than that observed in 
class 2.°’ Radiographic findings in class 3 dogs include 
marked enlargement of the main pulmonary artery 
segment and lobar pulmonary arteries, as well as tortu- 
osity and blunting of the peripheral arteries (see Fig. 
30-8). Parenchymal lung infiltrates are also frequently 
present. Class 2 dogs with high worm burdens are 
identified when large numbers of worms are imaged 
by echocardiography, or by serologic detection of high 
circulating heartworm antigen concentration. To im- 
prove survival, four alternative protocols have been de- 
vised: 


HEARTWORM EXTRACTION 


When severe heartworm disease is associated with a 
high worm burden, most of the worms can be ex- 
tracted from the right heart and pulmonary arteries 
utilizing a long, flexible alligator forceps with fluoro- 
scopic guidance.” The procedure is performed under 
anesthesia, which is generally tolerated with few com- 
plications. Either jugular vein is surgically isolated and 
the forceps is introduced via venotomy and manipu- 
lated into the heart and pulmonary arteries. The jaws 


of the forceps are opened, advanced slightly, closed, 
and the forceps are withdrawn, hopefully with 1 to 
several worms. The procedure is repeated until several 
passages fail to retrieve worms. 

If all the worms are removed, additional treatment 
is not needed. Otherwise, adulticide therapy is admin- 
istered several weeks after clinical improvement has 
occurred. In any case, an antigen-detecting serologic 
test is indicated in 3 months to determine whether any 
heartworms remain. 


STAGED TREATMENT WITH 
MELARSOMINE 


Modification of the standard melarsomine protocol 
to accomplish a staged reduction in heartworm num- 
bers has been a successful alternative protocol.‘ © 
Initially, only one dose of melarsomine (2.5 mg/kg), 
rather than two, is administered.* ° After 1 month 
of restricted activity, thromboembolic complications, 
which are usually mild, will have subsided. The re- 
maining worms are then killed using the standard 
dosage (two intramuscular injections, 2.5 mg/kg, given 
at a 24-hour interval). This same method has been 
recommended for dogs with class 2 disease and a large 
worm burden. Using this strategy, the initial worm 
kill is limited, as is the severity of postadulticide throm- 
boembolic lung complications. Survival of greater than 
90 percent has been reported using this modified mel- 
arsomine dosage schedule.” 

Additional restriction of activity is recommended for 
at least 1 month. Microfilaricidal therapy is provided, 
if appropriate, 4 to 6 weeks after the second course of 
melarsomine therapy. Reinfection during the treat- 
ment period is not usually a problem since melarsom- 
ine will kill most of the migrating larvae. A heartworm 
antigen test is performed 3 months after the second 
course of melarsomine to ensure that worm eradica- 
tion has been achieved. 


ASPIRIN AND CAGE REST 


A third approach is to reduce platelet function with 
aspirin (5 to 7 mg/kg once daily) and restrict exercise 
prior to thiacetarsamide therapy.” “’ Approximately 80 
percent survival has been achieved with this regimen, 
compared with 40 to 50 percent survival with standard 
thiacetarsemide treatment. Aspirin reduces the severity 
of pulmonary arterial disease, thus improving blood 
flow. We always combine aspirin treatment with strict 
cage confinement. This reduces demands on the right 
side of the heart by eliminating the need to expel large 
stroke volumes through a poorly compliant pulmonary 
arterial system, thereby reducing pulmonary artery 


pressure. Severe exercise restriction reduces the com- 
plications of thiacetarsemide therapy and contributes 
to improved survival. Some argue that similar results 
might be achieved with restricted activity alone, cou- 
pled with thiacetarsamide treatment. 

Aspirin and cage confinement are continued for 3 
weeks prior to treatment, during treatment, and for 
3 weeks thereafter. This protocol is time-consuming, 
intensive, and expensive. Thromboembolic complica- 
tions often occur prior to or following thiacetarsamide 
therapy. Strict patient monitoring of clinical status, 
blood count, and platelet count is required. Appro- 
priate supportive therapy (usually heparin) is provided 
when complications arise. 


LONG-TERM LOW-DOSE HEPARIN 


A fourth approach to the treatment of class 3 dogs 
is the prophylactic use of heparin to reduce pulmonary 
thromboembolism. Calcium heparin (50 or 100 IU/kg 
SC tid) was administered to heartworm-infected dogs.” 
Survival was 97.5 percent in heparin-treated dogs, com- 
pared with 73.5 percent in dogs treated with antiplate- 
let drugs. Postadulticide complications were reduced 
more than with aspirin therapy. We have used heparin 
sodium (75 IU/kg SC tid) 1 to 2 weeks prior to adulti- 
cidal treatment, continued during the 2 days of adulti- 
cide treatment, and extended for 3 weeks post-therapy. 
Strict cage confinement is recommended. 

The relative merits of anti-inflammatory drugs (aspi- 
rin) and anticoagulants (heparin) for treating or pre- 
venting treatment complications are controversial. 
When aspirin treatment is started concurrently with 
thiacetarsamide, the severity of arterial disease is 
reduced and the impairment of blood flow is les- 
sened.”? However, in a large prospective study, low- 
dose calcium heparin reduced postadulticide compli- 
cations more than aspirin.” Other investigators have 
been unable to substantiate the benefits of aspirin or 
thrombolytic drugs.*” * Neither aspirin nor a variety 
of vasodilating and thrombolytic drugs significantly re- 
duced pulmonary arterial pressure following the injec- 
tion of heartworm segments and autologous blood 
clots.” Luethy and coworkers* compared the severity 
of thromboembolic disease in three groups of dogs 
following adulticide treatment. One group was treated 
with aspirin (15 to 22 mg/kg daily), one with heparin 
(sufficient to produce a 1.5 to 2 times increase in 
clotting times), and one group served as controls. Both 
treatment groups had lower angiographic scores for 
severity of pulmonary vascular obstructions, but nei- 
ther was significantly less than the untreated control 
dogs. 

The aforementioned treatment modifications do not 
ensure a successful outcome and do not negate the 
necessity of close patient observation, careful monitor- 
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ing, attention to detail, and appropriate ancillary treat- 
ment. 


CHRONIC COR PULMONALE WITH 
ABSENT OR LOW WORM BURDEN 


Some dogs present with clinical signs of severe cor 
pulmonale without circulating microfilariae and a 
weak or negative antigen test, indicating either a low 
worm burden or the absence of adult heartworms. 
They exhibit exercise intolerance, syncope, or signs of 
right-sided CHF. They may have a history of prior 
heartworm treatment or chronic heartworm infection 
without treatment, or no prior diagnosis of heartworm 
infection. Thoracic radiographic changes are consis- 
tent with severe pulmonary hypertension. These in- 
clude enlargement of the main pulmonary artery seg- 
ment and lobar pulmonary arteries, and tortuosity and 
pruning of the more peripheral pulmonary arteries. 
Echocardiography can confirm pulmonary hyperten- 
sion, evaluate right heart function, and identify worms. 
Gross and histologic changes pathognomonic for 
heartworm disease are present in some but not all 
affected dogs at necropsy. 

Dogs with severe cor pulmonale are difficult to treat 
successfully. Although adulticidal therapy may be ad- 
ministered when there is evidence of live heartworms 
(e.g., a weakly positive antigen test), the chronic patho- 
logic changes coupled with low worm burden suggest 
that improvement is unlikely. Corticosteroids, aspirin, 
hydralazine, and diltiazem therapy have been used but 
without significant benefit. Some dogs can survive with 
severe exercise restriction, particularly if right-sided 
congestive heart failure is absent. 


IMMUNODIAGNOSTIC 
SEROLOGY TO ASSESS 
ADULTICIDAL EFFICACY 


Heartworm serologic tests now in use are based on 
antigens associated with mature adult female worms. 
Live male worms contribute nothing to a positive anti- 
gen test result. Antigenemia is usually absent by 12 
weeks post-therapy.***! If a weakly positive test result is 
obtained, an additional antigen test could be done in 
1 to 2 months since seroconversion will occasionally 
occur as late as 5 months postadulticide treatment. 
Although immunodiagnostic serology is highly sensi- 
tive, falsely negative test results can occur if there are 
less than approximately 1 to 2 adult worms that are 
younger than 8 months old.** This fact may be of little 
consequence, since persisting low worm burden may 
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not produce adverse consequences when all adult 
heartworms have been killed. 

If antigenemia persists, whether or not to retreat is 
debatable. A decision to avoid retreatment can be 
based on (1) very weak antigenemia, (2) a marked 
decrease in the strength of the antigen test result as 
compared with the pretreatment value, (3) mild or 
absent initial clinical signs, (4) absence of radiographic 
evidence of pulmonary pathology, (5) marked im- 
provement in clinical and radiographic signs of heart- 
worm disease, (6) a nonworking dog, and (7) serious 
concomitant problems. Factors favoring retreatment 
include (1) strong and persistent antigenemia, (2) 
initially severe clinical and radiographic abnormalities, 
(3) persistent clinical signs of heartworm disease, (4) 
a working dog, and (5) no apparent contraindications 
to retreatment.” 


HEARTWORM-RELATED 
CLINICAL SYNDROMES 


A number of pathologic sequelae to heartworm in- 
fection can be characterized into specific clinical 
syndromes. They are related to worm burden, host- 
parasite immune or allergic responses, severity of pul- 
monary myointimal proliferation, and complications 
from heartworm death. 


EOSINOPHILIC PNEUMONITIS 


A hypersensitivity-type pneumonitis develops in ap- 
proximately 10 to 15 percent of dogs with immune- 
mediated occult heartworm infections. This syn- 
drome is characterized by pulmonary infiltrates with 
eosinophilia (PIE) and resembles tropical eosinophilia 
(pulmonary eosinophilia), a microfilarial disease of 
human beings.” Immune-mediated occult heart- 
worm disease results from antibody-dependent leuko- 
cyte adhesion to microfilariae and their subsequent 
entrapment within the pulmonary capillaries.** ** The 
inflammatory reaction includes neutrophils and eosin- 
ophils. The pneumonitis syndrome occurs when a 
hypersensitivity develops and is characterized by an 
unusually high number of eosinophils in the inflam- 
matory response.** 3 


CLINICAL FINDINGS. Affected dogs experience variable 
respiratory distress. Clinical signs are usually progres- 
sive during a period of a few weeks to 6 months or 
longer.” Coughing and dyspnea are the predominant 
clinical signs, but severely affected dogs may experi- 
ence mild cyanosis, anorexia, and weight loss. Bilateral, 
diffuse “crackles” can be auscultated over the areas 


of the caudal lung lobes. Characteristic radiographic 
abnormalities associated with heartworm pneumonitis 
include diffuse, bilateral, linear interstitial and alveolar 
pulmonary lung lobe infiltrates (Fig. 30-10). These 
changes can resemble those of pulmonary blastomyco- 
sis and pulmonary edema. Clinical pathology abnor- 
malities include eosinophilia, basophilia, and hyper- 
globulinemia. Transtracheal lavage cytology typically 
consists of a sterile, eosinophilic exudate with some 
nondegenerate neutrophils and macrophages. 


THERAPY. Corticosteroid hormone treatment (predni- 
sone or prednisolone, 1 to 2 mg/kg daily, or dexameth- 
asone, 0.2 to 0.4 mg/kg daily) is usually successful. 
Most dogs experience rapid and complete resolution 
of clinical and radiographic abnormalities within 3 to 
5 days of treatment; some improve within 24 hours. 
Treatment is usually given orally but may be adminis- 
tered intramuscularly or intravenously to severely af- 
fected dogs. Corticosteroid hormone treatment is 
stopped when there is clinical and radiographic evi- 
dence of maximum resolution of pulmonary infil- 
trates. Thiacetarsamide treatment should be initiated 
soon thereafter. 


PULMONARY GRANULOMAS IN 
HEARTWORM-INFECTED DOGS 


EOSINOPHILIC GRANULOMATOSIS 


Eosinophilic pulmonary granulomatosis is a clinical 
syndrome that is often associated with heartworm in- 
fection. It can be confused with primary and metastatic 
pulmonary neoplasia, systemic mycoses, and lympho- 
matoid granulomatosis." It is important to note that 
not all histologic diagnoses of eosinophilic granuloma- 
tosis represent the same disease, and not all are due 
to heartworm infection. Eosinophilic granulomas pri- 
marily affect the lungs, but approximately 50 percent 
of necropsied dogs also have eosinophilic infiltration 
and granulomas in thoracic lymph nodes, trachea, pe- 
ripheral lymph nodes, liver, spleen, abdominal lymph 
nodes, small intestine, and kidney. Interalveolar septa 
are often thickened by fibrous connective tissue, lym- 
phocytes, and plasma cells. Alveoli often contain eosin- 
ophilic granular material and some macrophages. 
Granulomas consist of dense accumulations of large 
epithelioid cells, macrophages, and eosinophils that 
obliterate the normal architecture. A few plasma cells, 
lymphocytes, and mast cells are also present. Areas of 
necrosis are occasionally observed. Some pulmonary 
arteries and arterioles are infiltrated by eosinophils. At 
the periphery of granulomas, alveoli can be identified 
and are characterized by proliferation of type II pneu- 
mocytes with infiltrates of eosinophils and macro- 
phages. A mixed eosinophilic-neutrophilic inflamma- 


FIGURE 30-10 
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Lateral radiographs illustrating diffuse, mixed, interstitial, and alveolar infiltrates in the lungs of a 
dog with occult heartworm disease—associated allergic pneumonitis. Prednisone therapy was 
administered. Notice the radiographic lung improvement when comparing the pretreatment (A) and 


post-treatment (B) films. 


tion occurs in zones surrounding the granulomas. 
Bronchial smooth muscle hypertrophy is prominent in 
granulomatous areas. Perivascular lymphocytic-eosino- 
philic infiltration is inconsistently associated with small 
arterioles. 


CLINICAL SIGNS. Chronic coughing and dyspnea occur 
most commonly. Respiratory signs often occur for sev- 
eral weeks prior to presentation, although signs have 
been present for as long as 12 months in some cases. 
More severely affected dogs exhibit decreased appetite, 
weight loss, exercise intolerance, and lethargy. Fever 


FIGURE 30-11 


and hemoptysis may occur. This syndrome may de- 
velop in dogs with heartworm infections that have 
been treated as well as untreated. Coughing, dyspnea, 
and pulmonary crackles are the most common physical 
abnormalities. Fever, muffled heart and lung sounds, 
peripheral lymphadenopathy, and weight loss are occa- 
sionally detected. 


CLINICAL, PATHOLOGICAL, AND RADIOGRAPHIC FINDINGS. 
Characteristic radiographic findings include (1) multi- 
ple pulmonary masses (Fig. 30-11) from 1 to 20 cm in 
diameter, (2) mixed interstitial-alveolar or interstitial, 


Lateral (A) and ventrodorsal (B) thoracic radiographs showing multiple pulmonary interstitial 
nodules of varying size in the lungs of a dog with heartworm disease and eosinophilic 


granulomatosis. 
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alveolar, and bronchial lung patterns, (3) hilar lymph- 
adenopathy, (4) pleural effusion, and occasionally, (5) 
mediastinal or intratracheal masses. Hematologic ab- 
normalities most commonly include eosinophilia and 
neutrophilia, which are present in up to two thirds of 
dogs with eosinophilic pulmonary granulomas. Abso- 
lute eosinophil counts are often between 1000 and 
6000 and can exceed 50,000/wl. Basophilia occurs in 
approximately 50 percent of affected dogs. Hyper 
globulinemia is occasionally present. Transtracheal la- 
vage may yield exudates rich in eosinophils. Pleural 
effusion, when present, usually contains a high per- 
centage of eosinophils. Peripheral lymphadenopathy is 
uncommon; when present, fine-needle aspiration 
yields increased numbers of eosinophils. 


MEDICAL THERAPY. Many dogs with eosinophilic pul- 
monary granulomas respond initially to immunosup- 
pressive and cytotoxic drug therapy. Prednisone (1 
to 2 mg/kg orally once daily) produces partial and 
occasionally complete remission. The latter is more 
likely with combination therapy such as prednisone 
plus azathioprine (Imuran, Burroughs Wellcome). 
Granulomas commonly recur when the dosage is re- 
duced, when the interval between dosages is pro- 
longed, and even when the dosage and interval are 
not altered. Adulticide treatment is administered after 
significant reduction of lung pathology and improve- 


ment of clinical signs has been accomplished. Disease * 


progression or relapse occurs in most cases within 1 
to 3 months, and additional chemotherapy is usually 
ineffective. 


SURGICAL REMOVAL. Surgical excision of eosinophilic 
granulomas has had limited application. At surgery, 
multiple small granulomas not visualized by radiogra- 
phy are usually present. Even when lung lobectomy is 
performed in dogs with apparently localized disease, 
lesions can develop in other lobes. Dogs with eosino- 
philic granulomas are often poor anesthetic risks. 
Nonetheless, given the limited success of medical ther- 
apy, lobectomy is a reasonable option when the disease 
is localized. Follow-up chemotherapy should be admin- 
istered if additional disease is discovered at surgery. 
Adulticide treatment is administered after surgical re- 
covery when antigen tests indicate heartworm infec- 
tion. 


LYMPHOMATOID GRANULOMATOSIS 


Pulmonary lymphomatoid granulomatosis is a rare 
pleomorphic lymphoid neoplasm that can affect dogs 
of all ages without sex or breed predilection.' About 
20 canine cases have been reported, 3 of which had 
been previously treated for heartworms. Gross lesions 
consist of solitary or multiple, firm, nodular pulmo- 
nary masses. Histologic examination shows infiltration 


by pleomorphic mononuclear cells, often with an an- 
giocentric pattern and resulting in vascular oblitera- 
tion.’ Historical, clinical, and radiographic findings 
are very similar to those described in dogs with eosino- 
philic granulomatosis. Surgical excision or biopsy is 
required to distinguish lymphomatoid from eosino- 
philic granulomas. Treatment with prednisolone and 
cyclophosphamide has been recommended.'” Many 
dogs do not respond. 


CAVAL SYNDROME 


This develops when large numbers of worms (from 
50 to > 200) mature over a short period of time and 
localize in the cranial and caudal vena cavae and right 
atrium.!°*!!° Caval syndrome is virtually absent in areas 
of low heartworm incidence, but is common in some 
highly endemic regions along the Gulf Coast. Most 
cases occur in spring and early summer in male dogs 
that spend most of their time outdoors. These infec- 
tions probably represent a massive exposure to infec- 
tive larvae during the previous summer and early fall. 
Caval syndrome is associated with marked pulmonary 
hypertension and mechanical interference with tricus- 
pid valve closure, leading to tricuspid regurgitation 
and elevated central venous pressure." 


CLINICAL FINDINGS. Clinical signs result from cardio- 
genic shock, intravascular hemolysis, and hepatic and 
renal failure. Hemolysis is caused by erythrocyte 
trauma from worms and fibrin deposition within the 
vena cavae and right side of the heart.'?”''’ Increased 
erythrocyte fragility results from alterations in serum- 
free and esterified cholesterol concentrations and leci- 
thin acyltransferase activity. 

Caval syndrome is recognized by acute collapse in 
high-risk dogs displaying tachypnea, tachycardia, pale 
mucous membranes, weak and thready pulses, hemo- 
globinemia, hemoglobinuria, a gallop heart rhythm, a 
heart murmur, jugular vein distention or pulsation, 
and a split second heart sound. Ascites, icterus, and 
hemoptysis are less common findings. Clinical patho- 
logic abnormalities include regenerative anemia, an 
inflammatory leukogram, eosinophilia, and increased 
hepatic enzyme activity. Most affected dogs have circu- 
lating microfilariae. Azotemia, hemoglobinuria, and 
proteinuria are also common. It is important to test for 
coagulation abnormalities. Disseminated intravascular 
coagulation is suggested by thrombocytopenia, pro- 
longed activated clotting time, hypofibrinogenemia, 
and increased fibrin degradation products. '®* !° 109 

Radiographic evidence of right sided heart enlarge- 
ment and enlarged, tortuous pulmonary arteries sup- 
ports the diagnosis. Common ECG findings include 
a right axis deviation and tachyarrhythmias.'°* 1° 109 


Echocardiography can confirm the diagnosis by de- 
tecting large numbers of heartworms in the venae 
cavae and right atrium.’ Indirect evidence of pulmo- 
nary hypertension is indicated by enlarged pulmonary 
arteries, paradoxic septal motion, and right ventricular 
dilatation and hypertrophy. Left ventricular dimen- 
sions may be reduced. Doppler studies can document 
tricuspid and pulmonic insufficiency and pulmonary 
hypertension. 


THERAPY. The only effective treatment is prompt ex- 
traction of as many worms as possible from the venae 
cavae and right atrium as soon as the syndrome is 
recognized. Most dogs are in shock. Chemical re- 
straint should be minimal, and local anesthesia is pre- 
ferred. To support blood pressure and cardiac output, 
fluid therapy may be needed during worm extraction. 

A technique for worm removal has been de- 
scribed." With the dog positioned in left lateral re- 
cumbency, the right jugular vein is isolated and ligated 
cranially, and the ligature is used to elevate the vein 
while a venotomy is performed. A long, small-diameter 
alligator forceps is passed into the jugular vein to the 
approximate location of the heart base. Extension of 
the neck is often required when a rigid forceps is 
employed. Perforation of the vena cava or right atrium 
can occur unless gentle instrument handling is prac- 
ticed. The instrument jaws are opened and the forceps 
advanced slightly; the jaws are then closed and the 
forceps retracted, removing worms with each passage. 
The process is repeated until five or six successive 
attempts fail to extract a worm. Successful treatment is 
associated with removal of at least 50 worms. Judicious 
fluid therapy and other supportive measures are main- 
tained following surgery. Clinical and hematologic im- 
provement occurs rapidly in successfully treated dogs. 
Adulticide therapy is administered several weeks fol- 
lowing surgery, depending on the rate and degree of 
postsurgical improvement. 


POSTADULTICIDE PULMONARY 
THROMBOEMBOLISM 


Adulticide therapy is the most important recognized 
cause of acute pulmonary thromboembolism (PTE) 
in dogs. 


CLINICAL FINDINGS. Clinical signs of PTE include 
coughing, dyspnea, fever, hemoptysis, weakness, leth- 
argy, pulmonary crackles, and pale mucous mem- 
branes. Thoracic radiographs of dogs with heartworm- 
associated PTE usually reveal marked enlargement of 
the lobar arteries with parenchymal pulmonary in- 
filtrates“ (Fig. 30-7). These infiltrates are patchy or 
hazy, tend to be most severe adjacent to the caudal or 
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intermediate lobar arteries, and may produce partial 
or complete lung lobe consolidation. Severe thrombo- 
cytopenia and an inflammatory leukogram or mature 
neutrophilia are often present. 


THERAPY. Thrombolytic drugs are expensive, and they 
have not been critically evaluated in dogs with heart- 
worm-associated PTE. Heparin is used in most cases to 
limit further thrombosis.” *! We use 75 IU/kg subcuta- 
neously every 8 hours, which is continued until the 
platelet count is normal. This usually necessitates ap- 
proximately 5 to 7 days of heparin therapy, although 
up to 3 weeks of treatment is required in some dogs. 
Others advocate a higher heparin dosage (100-200 
IU/kg every 6-8 hours), which is adjusted to achieve a 
1.5 to 2-fold increase in clotting time (aPTT). Oxygen 
administration by cage or an intranasal oxygen line (50 
to 100 ml/kg/min) is also recommended.” Oxygen 
reduces pulmonary arterial pressures and improves 
perfusion.'" 

Response to therapy is usually rapid. Clinical im- 
provement, increased platelet count, and improved 
blood gas values may occur within 24 to 48 hours. 
Hemoglobinemia and hemoglobinuria usually resolve 
rapidly. Strict cage confinement is necessary for at least 
3 weeks. 

We often prescribe corticosteroids (prednisone, 1.0 
mg/kg daily) in dogs with PTE. Whereas short-term 
administration (3 to 5 days) is probably not harmful, 
extensive use is not recommended since corticoste- 
roids are procoagulant and reduce pulmonary blood 
flow.®?: 60, 83 

We usually continue aspirin therapy in dogs with 
severe (Class 3) heartworm disease unless there is evi- 
dence of gastrointestinal bleeding such as hematem- 
esis, decreasing hematocrit, or melena. Melena is not, 
however, an early or sensitive indicator of intestinal 


bleeding. 


MICROFILARICIDAL THERAPY 


IVERMECTIN 


All dogs with circulating microfilariae should receive 
microfilaricidal treatment within 4 to 6 weeks of adulti- 
cidal therapy. Although not approved by the FDA for 
this purpose, ivermectin is the most practical, effective, 
and commonly used agent. To eliminate microfilariae, 
ivermectin is administered as a single oral dose (50 
ug/kg) in the morning. The dog is observed in the 
hospital for adverse reactions during the day and is 
discharged in the afternoon.' '% Either the equine 
product Eqvalan (Merial) or the cattle product Ivomec 
(Merial) can be administered. Both drugs are generally 
diluted 1:9 (the former with water for immediate use 
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and the latter with propylene glycol for extended shelf 
life), and administered at a dosage of 1 ml per 20 kg 
orally. Ivermectin rapidly kills microfilariae and eradi- 
cates them in at least 90 percent of dogs by 21 days 
post-treatment.''* Most microfilariae are killed within 
hours of ivermectin administration. 


ADVERSE EFFECTS 


Adverse reactions occur in less than 10 percent of 
dogs.'!''!® The prevalence and severity of adverse reac- 
tions are related to high microfilarial counts (> 
10,000/ml1). Reactions begin within several hours and 
usually consist of lethargy, vomiting, and occasionally 
diarrhea, which are self-limiting. Severe reactions, 
which may be life-threatening, are manifested by tachy- 
cardia, tachypnea, weakness, pale mucous membranes, 
and decreased blood pressure. These are uncommon 
and may be effectively treated with soluble (rapid- 
acting) corticosteroid preparations and intravenous 
crystalloid fluid administration. Death from such reac- 
tions is rare and is usually attributable to late recogni- 
tion and/or inadequate therapy. Some dogs with high 
microfilarial concentrations may experience mild leth- 
argy and anorexia for 1 to 2 days after ivermectin 
administration. 

Ivermectin at a dosage of 50 ywg/kg appears to 
be safe for administration to collie and collie-type 
dogs.''® ''7 We are unaware of adverse reactions at 
dosages under 100 pg/kg. Severe, life-threatening re- 
actions reported in a subset of collies have occurred 
at dosages of greater than 200 wg/kg and were charac- 
terized by acute ataxia, mydriasis, weakness, seizures, 
coma, and high mortality.''° Recovery requires several 
weeks and intensive care. 


CONFIRMATION OF EFFICACY 


Most microfilariae are killed within 24 hours of a 
single dose of ivermectin. However, a few microfilariae 
may survive up to 3 weeks post-treatment. Conse- 
quently, a microfilarial concentration test should be 
performed 3 weeks post-treatment.''® 17 If negative, 
a prophylactic regimen is instituted. If positive, the 
ivermectin protocol should be repeated. If microfila- 
riae persist 3 weeks after a second administration, 
adulticide failure should be considered. 


MILBEMYCIN OXIME 


Milbemycin oxime (Interceptor, Ciba-Geigy) is mi- 
crofilaricidal at the prophylactic dosage of 0.5 to 1.0 
mg/kg." Some clinicians routinely prescribe Intercep- 
tor for microfilaricidal use, for which it is highly effec- 
tive. In general, the risk and type of adverse reactions 
are similar to those associated with ivermectin at its 


microfilaricidal dosage (50 pg/kg).''" Neither Ciba- 
Geigy nor Merck and Company recommend or sup- 
port off-label use of their products. 

Because there is a risk of adverse reactions following 
microfilaricide treatment, some advocate that acute 
microfilaricide treatment not be administered. Rather, 
ivermectin treatment should be administered (e.g., 
Heartgard or Heartgard-30 Plus, Merial) soon after 
adulticidal treatment. The microfilariae will disappear 
over the next several months. Until that time, however, 
such dogs serve as reservoirs. 


Heartworm Prophylaxis 


Heartworm prophylaxis is recommended for all dogs 
at risk of infection. In general, it is recommended year- 
round in tropical and subtropical climates. One study 
has demonstrated that little or no transmission occurs 
in the southeastern United States during the coldest 
months of the year, like December and January.'’® 
Preventive medication is usually begun when the aver- 
age daily temperature exceeds approximately 58° F.!”° 
Some clinicians recommend year-round prophylaxis to 
improve owner compliance. 

Heartworm testing is an integral component of pro- 
phylactic therapy. All dogs placed on heartworm 
prophylaxis for the first time should be both microfil- 
ariae- and antigen-free.''” All dogs that will receive 
diethylcarbamazine products must have a negative mi- 
crofilarial concentration test prior to drug initiation 
and at least annually thereafter.” We recommend an- 
nual antigen testing in all dogs regardless of the type 
of heartworm prophylaxis used. Although some have 
questioned the need for annual testing in dogs taking 
monthly preventives, poor client compliance is a reality 
that cannot be ignored. Failure to properly increase 
the drug dosage in large, rapidly growing puppies may 
also cause prophylactic failure. 

The choice of prophylactic drug is influenced by 
two characteristics of the available products: (1) daily 
versus monthly administration, and (2) concomitant 
control of intestinal helminths. 


DAILY PROPHYLAXIS USING 
DIETHYLCARBAMAZINE 


Diethylcarbamazine (DEC) has stood the test of 
time, is safe, and is highly efficacious. Since it kills D. 
immitis larvae at the L,-L,y molt stage, this narrow 
window of opportunity necessitates daily administra- 
tion. DEC is available in tablets, chewable tablets, and 
liquid; it is dosed at 6.6 mg/kg. Dogs must be microfi- 
lariae-free when DEC is initiated. Acute, potentially 


life-threatening adverse reactions are likely (15 to 
85%) when DEC is administered to microfilaremic 
dogs.”*'"'* Although dogs with less than 50 micro- 
filariae/ml of peripheral blood seldom react, microfi- 
larial concentrations are rarely determined in clinical 
practice. Nondose-dependent lethargy and gastrointes- 
tinal reactions are seen within approximately 1 hour 
of administration. Vomiting, defecation, and diarrhea 
may occur. Bradycardia, signs of reduced cardiac out- 
put, and peripheral blood pressure may develop. Some 
affected dogs then become very weak, salivate, and 
develop shock.'** Dogs surviving less severe reactions 
experience recurrence with each dosage, and subse- 
quent reactions tend to exacerbate. These reactions 
are related to the presence of microfilariae and gravid 
female worms. If a dog receiving DEC is found to be 
microfilaremic, continued daily use may not produce 
adverse reactions. However, should DEC administra- 
tion be stopped for as few as 4 days or longer, reinstitu- 
tion can result in the aforementioned reaction.'**!*4 

Extended parasite control is provided by the addi- 
tion of oxibendazole (Filarabits Plus, Norden Labora- 
tories) to control roundworms, hookworms, and whip- 
worms as well as heartworms.'* Although this drug is 
highly popular and efficacious, hepatotoxicity has been 
uncommonly associated with its use. Toxicity is charac- 
terized by increased serum hepatic enzyme activity 
and, in some cases, abnormal hepatic function tests; it 
is usually self-limiting once the drug is withdrawn. 


MONTHLY PROPHYLAXIS USING 
MACROLIDE ANTIBIOTICS 


A number of macrolide antibiotic drugs are available 
for heartworm prophylaxis, with some providing ex- 
tended parasite control.'*: 1 They are very effective 
when administered monthly, since larvae up to 2 
months of age are readily killed by these agents. The 
monthly use of these drugs causes gradual disappear- 
ance of circulating microfilariae in dogs with adult 
heartworms. This may be due to the effect of macro- 
lides on the male worm reproductive capacity.'?®-1?8 
Amicrofilaremic infections also develop in dogs that 
are placed on macrolides more than 4 months after 
being inoculated by infected mosquitoes. Thus, anti- 
gen-detecting serologic tests should be used for annual 
screening. It is also prudent to use serologic tests when- 
ever heartworm prophylaxis is initiated more than sev- 
eral months into the “season.” An antigen test should 
be performed 6 to 8 months after monthly prophylaxis 
is initiated and then annually thereafter. 


IVERMECTIN 


Ivermectin (and Heartgard-30 Plus, Merial) is a 
highly effective macrolide prophylactic drug when ad- 
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ministered at a monthly dosage of 6 to 12 pg/kg. At 
this dose, Heartgard can be safely administered in the 
face of circulating microfilariae. At a dosage of 50 ug/ 
kg, ivermectin’s antilarval action can be extended to 3 
months postinoculation of Ls, with approximately 90 
percent efficacy.*! Administration of this high dosage 
can be considered when a monthly dosage has been 
missed. 

Currently, ivermectin is the drug of choice to pre- 
vent superinfection in dogs with persisting adult worms 
and microfilariae and it has a “reach back” effect 
when it is used at prophylactic doses for 1 year.'8? 130a 
The monthly prophylactic dosage (6 wg/kg) of Heart- 
gard-30 is highly (> 95%) effective in killing young 
adult worms when treatment is started 4 months af- 
ter inoculation of L, and continued for a year.!?® 130a 
In contrast, milbemycin oxime (500 pg/kg), given 
monthly during the same period, was effective in less 
than 50 percent of the dogs. 

Ivermectin is safe for use in collies at the prophylac- 
tic dose, and adverse reaction effects of any type are 
uncommon in all dogs.!!® 17 Heartgard-30 Plus (iver- 
mectin plus pyrantel pamoate) provides a broader 
spectrum of control to include roundworms and hook- 
worms while maintaining the convenience of monthly 
administration for heartworm prevention.'** '”° 


MILBEMYCIN 


Milbemycin oxime (Interceptor, Ciba-Geigy) is a 
highly effective, monthly macrolide prophylactic that 
also controls roundworm, hookworm, and whipworm 
infections.'*!"'*? The drug is safe in collies," but it is 
not recommended for dogs with circulating microfila- 
riae, since the prophylactic dosage (0.5 to 1.0 mg/kg) 
is also microfilaricidal. The resulting adverse reactions 
are similar to those described in some dogs receiving 
ivermectin at the microfilaricidal dosage. 


MOXIDECTIN 


Moxidectin (American Cyanamid) is a highly effec- 
tive, safe, macrolide prophylactic drug administered 
monthly at a dosage of 3.0 mg/kg. It is safe for 
administration to collies and can be given to mi- 
crofilaremic dogs without fear of reaction, since it is 
not microfilaricidal at this dosage.’ 
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Feline Heartworm 
Disease 


RAY DILLON 


Dirofilaria immitis infection has been reported worldwide in cats and is 
consistently diagnosed in heartworm-endemic areas.'"'* The increased aware- 
ness of the disease has made antemortem diagnosis more common." The 
frequency of feline heartworm infection correlates with that of dogs in the 
same geographic area, but at a lower incidence. 


HEARTWORM INFECTION 


ADULT HEARTWORMS 


Heartworm disease is more difficult to produce experimentally in cats 
than in dogs.'* *°*> 2 Moreover, the percentage of infective larvae (Ls) 
developing into adult worms is significantly less in cats (1 to 25%) than in 
dogs (40 to 90%). Cats are most at risk in heavily endemic areas where 
repeated bites by infected mosquitos are common. Experimentally, when 
adequate infective larvae are used, the percentage of infective larvae devel- 
oping to adult D. immitis is low, but the percentage of cats from which adult 
worms are recovered is high (66 to 90%). It appears that infective larvae in 
the cat are poorly oriented, and adult worms are more likely to develop at 
ectopic sites (brain, eye, subcutaneous tissue) than in the dog. After experi- 
mental injections of L, in the cat, abnormal migration patterns result in 
death of migrating larvae, subcutaneous nodules, and granuloma 
formation.?» °? 

Normally the adult worm burden is less in the cat (range, usually 1 to 9 
worms) compared with the dog. Although adult worms reach significant size 
in the cat (female > 21 cm, male > 12 cm), their development seems to be 
slower than in the dog.”* %8 

Adult heartworms in the cat have a relatively short life span (probably < 
2 years) compared to the dog (approximately 5 years).”: °° *” The shortened 
longevity of adult worms contributes to an underestimation of the prevalence 
of heartworm disease in the cat based on routine necropsy examination of 
the general population. A gradual decrease in the number of immature 
worms found in the heart has been noted when cats are chronologically 
studied.”* © Compared with dogs, the cat is a relatively more resistant, but 
still susceptible, host for D. immitis. 


INFECTIVE LARVAE 


Once infected by adult heartworms via infective (L;) larvae or by experi- 
mental transplantation, the cat’s natural resistance results in a shortened 
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period of patency, lower heartworm numbers, or lack 
of microfilaremia.* "t °? The average time for infective 
larvae to develop into circulating microfilariae in ex- 
perimental feline infections is about 8 months. The 
comparable period in the dog is 5 to 6.5 months. 

The cat is not an important host for D. immitis. 
Infective larvae developed in about 1 percent of Anoph- 
eles sp. and Aedes sp. mosquitos that fed on cats with 
patent infections.” For a cat to become infected, a 
mosquito must bite an animal with a patent infection 
(usually a dog) and then, after proper climate condi- 
tions, bite a cat. Some mosquito species feed on both 
dogs and cats whereas others prefer one or the other. 
The propensity of some mosquitos to prefer felines 
may account for regionally high incidences of feline 
heartworm disease (up to 18%) reported in some ar- 
eas. 


MICROFILARIAE 


Microfilaremia is uncommon (< 20% of spontane- 
ous clinical cases), inconsistent, and, in cats, transient. 
Very low numbers are usually produced (e.g., six ex- 
perimental cats had > 2 microfilariae/ml blood). 
Therefore, concentration tests are recommended for 
diagnosis, and a negative test does not rule out heart- 
worm disease. For this reason, some have advocated 
that greater volumes of blood be used when per- 
forming a microfilaria concentration test. 


PATHOPHYSIOLOGY 


Pulmonary pathology in feline heartworm disease is 
similar to that described in the dog.* * ”? Muscular 
hypertrophy, villous endarteritis, and adventitial cellu- 
lar infiltrates are common and typically more severe in 
the caudal pulmonary arteries. Pulmonary fibrosis and 
smooth muscle hyperplasia can occur. The smaller pul- 
monary arteries develop severe muscular hypertrophy 
in infected cats, however, and pulmonary arteries may 
become radiographically enlarged within 1 week of 
experimental heartworm transplantation.” * Emboliza- 
tion of pulmonary arteries is a major factor contribut- 
ing to initiation of clinical signs. However, severe cor 
pulmonale is uncommon in affected cats, and associ- 
ated clinical changes, including electrocardiographic 
right axis deviation, radiographic right-sided heart en- 
largement, and right-sided heart failure are infre- 
quent.” 

Obstruction of blood flow, especially to the caudal 
pulmonary arteries, may cause acute clinical signs. 
However, the majority of clinical signs are associated 
with acute lung injury. Affected lung lobes become 
hemorrhagic, with areas of necrosis and insult. If the 


cat survives the initial pulmonary embolism, recanali- 
zation around the obstruction occurs rapidly, and the 
lung markedly improves within days. The result of the 
acute lung injury is Type II alveolar cell hypertrophy. 
Postcaval syndrome with ascites and right-sided heart 
failure occurs rarely and accompanies very high worm 
burdens. Hemoglobinuria has not been a consistent 
finding in these infected cats. Clinical signs appear to 
be associated with poor venous return and tricuspid 
insufficiency rather than due to severe hypertension. 


CLINICAL MANIFESTATIONS 


EPIDEMIOLOGY 


There is no age predilection in feline heartworm 
disease. Reported ages incorporate a wide range (1 to 
17 yrs).* 1> 1516 Indoor and outdoor cats may become 
infected, but outdoor cats seem to be more prone to 
infection.'* A higher incidence in males compared 
to females has been demonstrated experimentally. In 
naturally infected cats, males generally have an in- 
creased risk of exposure. Feline leukemia virus infec- 
tion is not a predisposing factor, and heartworms are 
not a common finding at necropsy in cats with FeLV.* 
The prevalence of heartworm infection in pet cats with 
cardiorespiratory abnormalities in the southeastern 
and southwestern United States was reported to be 9 
percent.'™ 


HISTORY 


Clinical features are generally referable to the car- 
diopulmonary, gastrointestinal, or nervous systems or 
are nonspecific. Coughing, dyspnea, vomiting, leth- 
argy, anorexia, and weight loss are the most common 
historical complaints." * '® In chronic infections, vom- 
iting or respiratory signs predominate, although usu- 
ally not together. Anorexia and lethargy can be the 
only presenting signs in some cats. 

When vomiting occurs it tends to be sporadic and 
unrelated to eating. The cause is unknown; however, 
release of inflammatory lung mediators with resultant 
chemoreceptor trigger zone stimulation and emesis 
has been postulated. The vomitus generally contains 
food or foam but is rarely bile stained. 

Coughing can be severe and paroxysmal, with in- 
tervening periods (days to weeks) of normality. 
Dyspnea may be sudden and may represent acute dis- 
ease associated with worm death. Corticosteroids may 
temporarily ameliorate respiratory signs. Hemoptysis is 
occasionally noted. 

Occasionally, aberrant heartworm migration may 
cause abnormalities attributable to local pathology. 


TABLE 31-1 
Clinical Signs Associated with Feline 
Heartworm Disease 


Acute Signs Chronic Signs 


Sudden death* PIE} syndrome 


Respiratory Coughing 
Pulmonary embolism Dyspnea 
Collapse; shock Cardiopulmonary 
Hemoptysis Lethargy 
Dyspnea; cough Weakness 
Pneumonitis Right-sided CHFt 
Dyspnea; cough Anorexia 
Neurologic Gastrointestinal 
Blindness Vomiting 
Seizures 
Ataxia 
Coma 
Circling 
Syncope 
Vomiting 
*From severe pulmonary thromboembolism or heartworm occlusion of 


main pulmonary artery. 

Pulmonary infiltrates of eosinophilia. 

{Congestive heart failure. 

Modified from Calvert C. Feline heartworm disease. /n Fox PR (ed). Canine 
and Feline Cardiology. New York, Churchill Livingstone, 1988, p 555. 


Neurologic signs are uncommon but have been re- 
ported with® * 8»? and without worms physically pres- 
ent within the central nervous system. 


CLINICAL FEATURES 


Infected cats may die acutely, exhibit chronic signs, 
or be asymptomatic (Table 31-1). In the acute cases, 
death may be so rapid as to preclude diagnosis or 
treatment. Acute collapse may occur with or without 
previous clinical signs. Sudden death has been attrib- 
uted to circulatory collapse and respiratory failure due 
to acute pulmonary arterial infarction and lung in- 
jury.’ % 3! As few as one worm has been found at 
necropsy accompanied by severe pulmonary conges- 
tion, infarction, and edema. Worms are not always 
found embolizing the main pulmonary arteries. 

When clinical signs occur, they are most commonly 
associated with immature heartworms arriving in the 
lungs or death of adult heartworms. The initial arrival 
of L; larval stages in the distal pulmonary arteries 
induces diffuse pulmonary infiltrates and often eosino- 
philic pneumonitis. On occasion, occlusion of a pul- 
monary artery (right caudal being the most common) 
by a dead or dying adult worm is associated with life- 
threatening, acute dyspnea.” Predictably, clinical signs 
associated with early infections occur in the late fall 
and early winter months, 4 to 7 months after exposure. 
Antigen testing at this time is usually negative because 
the worms are immature. 

After an initial host response, clinical signs may 
abate for a period of time. However, the death of the 
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adult heartworms usually heralds the onset of severe 
signs. 


PHYSICAL EXAMINATION FINDINGS 


There are no abnormal findings in many infected 
cats. In others, signs are nonspecific or referable to 
the cardiopulmonary or nervous system. A systolic 
murmur may be heard over the tricuspid valve area 
and, occasionally, a gallop rhythm can be present. 
Harsh lung sounds are the most frequent abnormal 
auscultatory finding and can be present even in cats 
that do not exhibit respiratory signs. Ascites, exercise 
intolerance, and right-sided heart failure are rare. 
There does not seem to be a correlation between the 
clinical signs, physical examination abnormalities, and 
radiographic changes. 


DIAGNOSTIC TESTING 


When clinical signs consistent with heartworm infec- 
tion are detected, a data base should be generated. A 
number of tests may be useful when evaluating a cat 
for heartworm disease (Table 31-2). 


CLINICAL PATHOLOGY 


Mild, nonregenerative anemia or peripheral eosino- 
philia is present in about one third of infected cats. 
The latter depends on the stage of infective larvae, 
occurring 4 to 7 months postinfection.?" *? The ab- 
sence of eosinophilia does not exclude a diagnosis of 
feline heartworms.* * Bronchial alveolar lavage fluid 
may contain eosinophils in the absence of peripheral 
eosinophilia. As in the dog, basophilia is highly sugges- 
tive of heartworm disease but is a rare finding. Serum 
biochemistries and urinalysis are usually normal. Hy- 
perglobulinemia occurs in some cats’” but is not consis- 
tent or predictable.* °” Normal serum globulins and 
protein electrophoresis can be recorded in cats that 


TABLE 31-2 
Diagnostic Testing for Suspected Feline Dirofilariasis 


Thoracic radiographs 

Serology to detect feline antibody against adult antigen 
Serology to detect adult antigen 

Nonselective angiocardiogram 

Knott’s test 

Echocardiogram 

CBC/ differential 

Tracheal wash or bronchoalveolar lavage 
Electrocardiogram 

Fecal examination 
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test positive for heartworm with a Knott’s test, antibody 
test, or antigen test. 


MICROFILARIAE CONCENTRATION TESTS 


Since microfilaremia, when present, is characterized 
by short duration and low numbers, most cats with 
heartworms are not microfilaremic when evaluated. 
Therefore, a positive blood test for microfilariae is 
unlikely but diagnostic when present. Diagnostic accu- 
racy is increased when large quantities of blood (5 ml) 
are evaluated by concentration tests such as Knott’s 
tests or filter techniques. Even with repetitive testing, 
over 80 percent of feline heartworm disease is ami- 
crofilaremic. 


SEROLOGY 


Three types of serologic tests have been used to 
detect feline heartworm disease: (1) an immunofluo- 
rescent antibody (IFA) test that detects antibodies di- 
rected against microfilarial antigens; (2) an enzyme- 
linked immunosorbent assay (ELISA) that detects anti- 
bodies against adult worm antigens; and (3) serologic 
tests (ELISA or colloid gold) that detect adult heart- 
worm antigen. Given the high incidence of occult 
disease in the cat, serologic tests are usually valu- 
able.2*: 16a 


IFA TEST. The IFA test detects antibodies to microfi- 
larial cuticular antigen. It is diagnostic about one third 
of the time. However, immature or sterile worms or 
unisex worms in cats or the absence of a host response 
to antigen does not produce a diagnostic titer. Use of 
the somatic IFA (detecting antibodies to microfilarial 
somatic antigen) is nonspecific.” These assays have 
been helpful in researching the biology of the parasite- 
host interaction but have limited clinical application. 


ELISA TESTS. The ELISA test denotes a method of 
analysis. Antigen preparation, antibody sources, and 
techniques can vary among diagnostic laboratories. 
Therefore, results may vary among assays. An ELISA 
to detect feline antibodies in the serum to L, D. immitis 
antigen has shown some promise, but false-positives 
related to cross-reactivity have been a concern.?® ** The 
use of the ELISA adapted from canines*® ** to confirm 
feline infections has been helpful, and false-positives 
from cross-reactivity have not been observed. However, 
methods used in canine testing to measure dog anti- 
body to D. immitis cannot be used on cat sera.” 

Cats that have eliminated the adult parasite naturally 
or after adulticidal therapy develop a negative ELISA 
titer when the host antibody gradually decreases to 
negative concentrations (i.e., 4 to 6 months). Because 
the antibody being detected is produced by the cat in 


response to the early migration of the L, or L,, positive 
titers are detected about 2 to 3 months after exposure. 
This is important in cats in which immature worms 
cause clinical signs and in which the antigen test will 
be negative. However, with the use of macrolides as a 
preventive medication, larvae can initiate a positive 
antibody response and then be killed by the macrolide. 
This produces an antibody-positive response although, 
in reality, the cat does not have adult heartworms. A 
positive antibody result indicates that a cat has been 
infected with Ls, the L} has molted into L,, and the 
parasite has lived at least 2 to 3 months. However, an 
adult infection may or may not have developed. 


HEARTWORM ANTIGEN. Detection of heartworm anti- 
gen in blood or serum has been used successfully in 
dogs. These tests have been positive in cats within days 
of transplantation of mature adult worms from dogs 
into cats. However, since the antigen being detected 
seems to be derived primarily from the adult female 
heartworm reproductive tract, inadequate antigen may 
be present for detection with immature infections, a 
low worm burden, a male infection, or with sexually 
immature worms. Cats given large numbers of infective 
larvae experimentally may develop positive antigen 
tests 8 months later. However, cats with active heart- 
worm disease and high antibody titers can test negative 
for antigen. Thus, because clinical signs are usually 
associated with immature worms, and since adult 
heartworms mature slowly in low numbers, it would 
be prudent to consider that a positive antigen test is 
diagnostic, but that a negative test does not rule out 
heartworms. With elimination of the adult parasite, 
the antigen test becomes negative. 


CYTOLOGY 


Eosinophils are commonly identified by cytology 
from the tracheal wash or bronchoalveolar lavage of 
cats with heartworm disease, as well as with other respi- 
ratory disorders. Cytologic eosinophilia seems to be 
prevalent 4 to 7 months after experimental L; infection 
but may not be present later in the infection, even 
when adult worms are present. Chronic inflammation 
may be present after the eosinophilic reaction resolves. 


ELECTROCARDIOGRAPHY 


Although electrocardiographic evidence of right 
ventricular enlargement is occasionally indicated from 
unipolar chest leads.'”:** detection of a right axis devia- 
tion greater than 120 degrees is rarely present on a 
standard 6-lead ECG.’ Ectopic ventricular beats and 
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FIGURE 31-1 


Right lateral thoracic radiographs of a coughing, dyspneic cat with dirofilariasis and allergic 
pneumonitis before (A) and 3 days after (B) corticosteroid therapy (prednisolone, 5 mg bid). (A) 
There is a generalized pulmonary interstitial pattern. Moderate right-sided heart enlargement is 
present. Lobar pulmonary arteries were slightly enlarged on the ventrodorsal but not lateral view. 
This cat had peripheral eosinophilia, hyperglobulinemia, and a positive indirect fluorescent antibody 
test for microfilarial cuticular antigen. (B) Postcorticosteroid therapy radiograph shows dramatic 
clearing of the pulmonary interstitial pattern and slight reduction in right-sided cardiac 
enlargement. Clinically, coughing was reduced. (From Calvert CA. Feline heartworm disease. Jn Fox 
PR (ed): Canine and Feline Cardiology. Ist ed. New York, Churchill Livingstone, 1988, p 551.) 


other arrhythmias are rarely present after adulticide 
therapy in asymptomatic cats. 


RADIOGRAPHY 


Radiology is one of the best screening tests for feline 
heartworm disease. Pulmonary parenchymal changes 
are nonspecific and can change rapidly in infected cats 
(Fig. 31-1). They include interstitial infiltrates, diffuse 
or coalescing infiltrates, perivascular densities, and 
lung atelectasis* '” °° °° (Fig. 31-2). 

The most distinctive radiographic sign of feline 
heartworm disease is enlarged pulmonary arteries with 
ill-defined margins (Figs. 31-3, 31-4). This is most 
prominent in the caudal lung lobes on the ventrodor- 
sal view. Blunting and tortuosity of the pulmonary 
arteries are occasionally seen, but not as commonly 
as in the dog. An enlarged main pulmonary arterial 
segment extending beyond the cardiac border on the 
ventrodorsal or dorsoventral view is not a classic fea- 
ture of feline heartworms. A nonselective angiocardio- 
gram may demonstrate enlarged pulmonary arteries 
and pulmonary emboli* ** *° (Fig. 31-4) and is an 
accurate method for confirming a diagnosis of heart- 
worms. 


ECHOCARDIOGRAPHY 


When adult heartworms are present in the right 
ventricle or main pulmonary artery, they are readily 


detectible by echocardiography (Fig. 31-5). Nonspe- 
cific changes may be noted, including right ventricular 
enlargement and hypertrophy, and increased main 
pulmonary artery. 


FIGURE 31-2 


Right lateral thoracic radiograph from a cat with dyspnea and 
coughing. There is a generalized pulmonary interstitial pattern 
infiltrate. Notice the patch of dense, alveolar pattern infiltrate 
(arrows) in the dorsocaudal lung region. A smaller patch is present 


just ventral to the caudal vena cava. Right-sided cardiomegaly is 


evidenced by the increased sternal contact and pronounced cranial 
waist. The ventrodorsal radiograph (not pictured) showed caudal 
lung lobe alveolar pattern infiltrates and right-sided heart 
enlargement. These findings were consistent with dirofilariasis and 
pulmonary infarcts. (From Calvert CA. Feline heartworm disease. 
In Fox PR (ed): Canine and Feline Cardiology. Ist ed. New York, 
Churchill Livingstone, 1988, p 551.) 
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FIGURE 31-3 


Selective right ventricular angiocardiogram of a cat infected with heartworms. (A) Right lateral view. 
The main pulmonary artery is enlarged (black arrow), and caudal lobar artery enlargement is evident 
(white arrow). In addition, the right ventricle (RV) is enlarged, as evidenced by increased sternal contact 
and cardiac apex tipping. C, catheter. (B) Ventrodorsal view. Compared with the left caudal lobar 
artery, the right lobar artery is enlarged (large arrows) and obstructed (small arrows). Lobar pulmonary 
arteries are tortuous. a, left caudal lobar artery. (From Calvert CA. Feline heartworm disease. /n Fox 
PR (ed): Canine and Feline Cardiology. lst ed. New York, Churchill Livingstone, 1988, p 551.) 


DIFFERENTIAL DIAGNOSIS 


In the cat with respiratory signs, heartworm disease 
must be differentiated from Aelurostrongylus abstrusus 
(lungworm) or Paragonimus kellicotti infection, bronchi- 
tis or asthma, cardiomyopathy, pyothorax, pleural effu- 
sions, pneumothorax, anemia, hyperthyroidism, and 
other systemic disorders. The pulmonary arterial 
changes of heartworm disease are unique. Neurologic 
conditions and disorders involving the gastrointestinal 
system must sometimes be considered. 


CLINICAL MANAGEMENT 


The decision whether or not to treat feline heart- 
worms is often complicated by the unpredictable na- 
ture of the disease and risks of treatment side effects. 
The latter seem to more severe than in the dog.’ In 
symptomatic cats, for example, clinical signs may be 
chronic and intermittent, leading one into believing 
that the disease is not severe. However, spontaneous 
acute complications or death can occur in a small 
percentage of untreated animals. In contrast, this risk 
appears to be small in the asymptomatic cat compared 
with the complications of adulticidal therapy. Adult 
heartworms have a shorter longevity in the cat com- 
pared with the dog, and spontaneous recovery is always 


possible.” However, the natural death of adult worms 
can be associated with severe respiratory signs. Some 
cats managed conservatively by intermittent corticoste- 
roid therapy will develop peracute signs and die from 
heartworm disease. In the cat with recurrent life- 
threatening dyspnea or with severe clinical signs, 
adulticidal therapy should be considered. The poten- 


FIGURE 31-4 


Nonselective angiocardiogram (right lateral view) of a vomiting cat 
with heartworm infection. Notice the caudal lobar pulmonary 
artery enlargement, tortuosity, and pruning. There are linear 
filling defects (arrows) in the pulmonary arteries caused by adult 
heartworms. A, descending aorta. (From Calvert CA. Feline 
heartworm disease. Jn Fox PR (ed): Canine and Feline Cardiology. 
Ist ed. New York, Churchill Livingstone, 1988, p 551.) 


FIGURE 31-5 


Two-dimensional echocardiogram (right parasternal long-axis view) 
of a cat with heartworm infection and right-sided congestive heart 
failure. Both the right atrium (RA) and right ventricle (RV) are 
enlarged. Notice the large mass of heartworms (arrows). Worms 
appearing in cross-section are evident as hyperechoic roundish 
structures. Pleural effusion is seen as an echo-free (black) space 
external to the RA and RV. LA, left atrium; LV, left ventricle; A, 
ascending aorta; /VS, interventricular septum. (Courtesy of Dr. 
Dave Sisson.) 


tial risk and severity of postadulticide complications 
are probably greater than the risks from spontaneous 
heartworm death and embolization in the asymptom- 
atic cat. However, therapy with close post-treatment 
observation may be preferable in some cases compared 
with not knowing when the heartworms will die on 
their own if left untreated. 


CONSERVATIVE THERAPY 


In cases of intermittent clinical signs or when the 
potential risk of adulticidal therapy is not accepted, 
owners should be educated as to the nature of per- 
acute signs related to heartworm embolization. Al- 
though alternate-day prednisolone (5 mg/kg) has 
been used successfully in some infected cats to treat 
coughing and vomiting, radiographic lesions usually 
progress, and acute respiratory distress and death are 
not prevented. An emergency dose of oral or injectable 
glucocorticoid should be dispensed for the owner to 
administer if collapse or dyspnea occurs. 

The onset of acute respiratory signs in a heartworm 
cat is a true emergency requiring immediate care, 
including intranasal oxygen therapy, cage rest, small 
volumes of intravenous fluids, and injectable predniso- 
lone. This therapy has improved clinical and radio- 
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graphic signs within 24 hours in most cats with life- 
threatening dyspnea and collapse. 


ADULTICIDE THERAPY 


Thiacetarsamide sodium (2.2 mg/kg IV, bid, for 2 
days) is generally tolerated without immediate compli- 
cations of hepatotoxicity or renal toxicity.* > 3% Acute 
signs (collapse) have occurred after rapid thiacetar- 
samide injections, but slow administration is generally 
safely administered in my experience. Careful intrave- 
nous administration is essential and is facilitated by 
sedation. Because of the potential protective effects of 
ketamine as an serotonin antagonist, a single intramus- 
cular injection has been recommended before the first 
dose of thiacetarsamide, also to assist in the latter’s 
safe intravenous administration. 

Pulmonary edema is an unpredictable but occa- 
sional complication during the 2 days of thiacetarsam- 
ide therapy. Oxygen therapy and corticosteroids 
should be considered if dyspnea or cyanosis occurs. 

Clinical signs tend to improve after therapy. Cats 
with chronic anorexia require nutritional support. Al- 
though the presence of circulating microfilariae is un- 
common, ivermectin (50 pg/kg) has been used suc- 
cessfully as a microfilaricide. 


POSTADULTICIDE COMPLICATIONS 


Based on the assumption that heartworm mass is 
related to antigen load,” a cat with a “strong positive” 
antigen test would be more likely to develop postadulti- 
cide complications than a cat that has a low worm 
burden and is antigen negative or “weakly positive.” 

Postadulticide reactions are peracute. This dictates 
that the cat be under constant surveillance, especially 
during the first 2 weeks.* ° Complications are usually 
related to embolization, which can induce lung in- 
farction, hemoptysis, and dyspnea. Severe thrombocy- 
topenia has not been noted. Sudden death can occur 
within the first 10 days after thiacetarsemide adminis- 
tration. 

Embolization most often affects the caudal lung 
lobes, which may be evident by increased radiographic 
density. Oxygen therapy is indicated if dyspnea occurs. 
High doses of corticosteroids (prednisolone, 1 mg/kg 
tid) with judicious intravenous fluid therapy are often 
helpful during this crisis. The clinical and radiographic 
signs of acute embolization can resolve over 1 to 2 days. 

Routine use of corticosteroids or aspirin is not rec- 
ommended before or after thiacetarsemide. Aspirin is 
contraindicated in feline heartworm disease. It may 
inhibit prostaglandin formation and thus increase pul- 
monary leukotriene production. This could increase 
inflammatory mediators and lead to bronchospasm 
and pulmonary hypertension. 
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ASSESSMENT OF ADULTICIDE TREATMENT 
EFFICACY 


The efficacy of thiacetarsemide cannot be evaluated 
in many cases of occult feline heartworm disease. How- 
ever, current research indicates that the adulticide is 
effective. Clinical signs usually abate during the initial 
weeks after its administration.'® 19% 33 

Immature worms are probably resistant to thiacet- 
arsemide in cats as in the dog. By serologic testing, if 
a cat was antigen positive before treatment, the antigen 
test should be negative 12 weeks after adulticide ther- 
apy. A positive test at this time would indicate the 
persistence of adult heartworms. 


PREVENTIVE THERAPY 


In highly endemic areas, the incidence of feline 
heartworm infections is high, and preventive therapy 
is indicated. In nonendemic areas, the incidence is not 
sufficient to warrant preventive therapy in cats. 

Infection from D. immitis can be prevented with 50 
ug/kg of milbemycin oxime (Interceptor, Ciba Geigy) 
or 25 wg/kg of ivermectin (Heartgard, Merial) admin- 
istered per os once a month. In endemic areas, it is 
suggested that preventive medication be administered 
at 4 to 6 weeks of age and continued for the life of 
the cat. Because current antigen testing is unreliable 
in cats, antigen testing before instituting preventive 
therapy in an adult cat does not seem to be cost 
effective. Heartworm-positive cats can be placed on 
ivermectin without complications. 
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The importance of nutrition and heart disease has been underscored by 
recent advances in veterinary cardiology.' Previously, the intersection be- 
tween nutrition and cardiology began and ended with concerns about di- 
etary sodium content.*® Today, the association between nutrition and cardio- 
vascular biochemistry, energy production, and cardiac function is key to 
understanding several common acquired disorders. 

Many nutritional therapeutic recommendations are derived from well- 
meaning but weakly supported sources. Thus, whenever administering drugs 
or prescribing nutritive pharmaceuticals or special diets, one must consider 
the source of information, strength of evidence presented, financial costs, 
and potential risks and benefits. 

Current management of heart failure emphasizes an integrated 
approach.' ê This involves systematic application of cardiac drug therapy 
(chapters 12, 17); assessment of dietary sodium balance;7'° awareness of 
clinical dietary effects, neuroendocrine system activation, and compensatory 
renal mechanisms;''"'* attention to clinical assessment and monitoring;'?*! 
and periodic evaluation of electrolytes and nutritional factors.!®. 22-26 


ROLE OF ELECTROLYTES IN 
CARDIOVASCULAR DISEASE 


SODIUM 


Total body sodium is determined by the balance between sodium intake 
and excretion. Passive and active carrier mechanisms effected by neuroendo- 
crine control systems modulate total body sodium and sodium ion distribu- 
tion between intracellular and extracellular compartments. 

With popularization of drugs that markedly affect sodium and water 
excretion (e.g., loop diuretics, angiotensin-converting enzyme inhibitors 
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[ACEI]), recommendations for severe sodium restric- 
tion in humans are changing.® Recent advances in the 
understanding of mechanisms by which sodium and 
water excretion are regulated may affect future dietary 
sodium recommendations. 


NEUROHUMORAL AND HEMODYNAMIC 
EFFECTS OF SODIUM RESTRICTION 


Plasma renin activity is significantly elevated in dogs 
fed a low-sodium diet.'* !° Maintenance of blood pres- 
sure in hyponatremic animals appears to depend more 
on renin-angiotensin-aldosterone system activity than 
sympathetic nervous system stimulation. Carotid baro- 
receptor reflexes were blunted in response to acute 
carotid sinus occlusion in normal dogs who were 
chronically sodium depleted. Sodium-depleted dogs 
show a greater elevation in blood pressure in response 
to renal artery constriction than do sodium replete 
dogs. This elevation was reversed by ACEI drug admin- 
istration." 


EFFECTS OF SODIUM RESTRICTION ON 
PLASMA SODIUM IN NORMAL DOGS 


In normal dogs, the effect of low-sodium diets on 
plasma sodium concentration is unclear. “Significant” 
decreases in plasma sodium have been reported, al- 
though the exact magnitude of said decrease was 
unspecified.'* '* Others report no significant change 
in plasma sodium in normal dogs fed low-sodium 
diets.!* 16 

Chronic sodium restriction of normal dogs caused 
significantly decreased cardiac output, stroke volume, 
and plasma volume and significantly increased heart 
rate and peripheral vascular resistance. These effects 
were fully reversed with change to a sodium replete 
diet."! 


EFFECTS OF SODIUM RESTRICTION IN 
CONGESTIVE HEART FAILURE 


Dietary sodium restriction has long played a role in 
management of human cardiovascular diseases, al- 
though the consequences of sodium restriction have 
not been fully explored in animals with congestive 
heart failure (CHF). In dogs with experimentally in- 
duced CHF, significant changes in plasma volume, so- 
dium excretion, and voluntary water intake were not 
reflected by significant changes in plasma sodium. This 
suggests that plasma sodium concentration may be an 
insensitive index of sodium and water balance in 
CHF.'* Low-sodium diets have been recommended in 
veterinary medicine to decrease sodium delivery to 
the distal tubule and thereby reduce “facultative reab- 
sorption” of distal renal tubular sodium.’ Compared 


with normal dogs, an impaired ability to excrete di- 
etary sodium has been reported in dogs with naturally 
occurring CHF, with asymptomatic cardiac disease, and 
with heart failure due to experimentally induced val- 
vular disease.” Early studies demonstrated that low- 
sodium intake was clinically beneficial in some unmed- 
icated dogs with asymptomatic heart disease and in 
some with CHF; however, the number of dogs evalu- 
ated was small.? Some investigators have stated that 
sodium intake in dogs with CHF could be safely re- 
stricted to “any level required to relieve congestion.” 


HYPONATREMIA 


Hyponatremia is associated with increased morbidity 
and mortality in humans with heart failure.’ Although 
it is uncommon for hyponatremic patients with CHF 
to be sodium depleted,” * a number of factors may 
contribute to dilutional hyponatremia via retention of 
free water and increased thirst. These include (1) re- 
nin-angiotensin-aldosterone system activation, (2) anti- 
diuretic hormone (ADH) secretion, (3) local renal 
factors (tubular flow kinetics), and (4) diuretics.” Hy- 
ponatremia may result in neurologic signs due to de- 
creased plasma osmolality. When accompanied by de- 
hydration, signs of low cardiac output may occur.” 

Although hyponatremia may result from heart fail- 
ure or related therapy in some dogs and cats, it does 
not occur in all cases, even when patients with similar 
disease severity are treated with the same drugs.” Low 
serum-sodium concentration has been correlated with 
increased plasma norepinephrine levels in humans 
with CHF" and in dogs with severe CHF due to dilated 
cardiomyopathy.'* Hyponatremia with heart failure 
confers a poor prognosis.’ 


CLINICAL APPLICATION OF DIETARY 
SODIUM RESTRICTION 


Traditionally, sodium restriction has been recom- 
mended by veterinarians for animals with heart dis- 
ease. This has included homemade diets prepared by 
owners (Table 32-1)” or commercial pet foods formu- 
lated as prescription diets (Table 32-2).° The intent 
of restricting dietary sodium is to reduce sodium and 
water retention, thereby decreasing cardiac preload.'“ 
Although common sense and theory dictate avoidance 
of high-sodium intake in dogs and cats with heart 
failure, virtually no data demonstrate or refute a true 
clinical advantage to feeding sodium-restricted over 
routine maintenance diets. When overt CHF is present, 
dietary sodium restriction seems rational if the diet is 
accepted by the pet.!:? 20 21 

Sodium restriction represents one of the many com- 
ponents of heart failure management but should not 
be aggressively pursued at the expense of caloric in- 


TABLE 32-1 
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Recipes for Homemade Diets for Dogs and Cats with Cardiac Disease 


Highly Digestible Diet for Dogs 


Low-Sodium Diet for Dogs 


Balanced supplement that fulfills the 
canine minimum daily requirement for 
all vitamins and trace minerals: 

%2 cup farina cooked to make 2 cups 

1% cups creamed cottage cheese 
(low salt) 

1 large egg, hard-cooked 

2 tbsp brewer’s yeast 

3 tbsp sugar 

1 tbsp vegetable oil 

1 tsp potassium chloride 

1 tsp dicalcium phosphate 

l tsp calcium carbonate 


Cook farina according to package 
directions, omitting salt. Cool. Add 
remaining ingredients to farina and 
mix well. 

Yield: 2.2 Ib (1 kg) 


Balanced supplement that fulfills the 
canine minimum daily requirement for 
all vitamins and trace minerals: 

Y lb lean ground beef or pork or 
chicken 

2 cups cooked rice without salt 

1 tbsp vegetable oil 

2 tsp dicalcium phosphate 


Braise meat, retaining fat. Add the 
remaining ingredients and mix. 


Yield: 1 Ib (0.5 kg) 


Restricted Mineral and 
Sodium Diet for Cats 


Balanced supplement that fulfills the 
feline minimum daily requirement for 
all vitamins and trace minerals: 

1 Ib regular ground beef or lamb or 
chicken cooked 

Y% |b liver 

1 cup cooked rice without added salt 

l tsp vegetable oil 

1 tsp calcium carbonate 


Combine all ingredients. 


Yield: 1% lb (0.8 kg) 


Analysis Analysis Analysis 
Moisture % 75.8 Moisture % 68.5 Moisture % 64.0 
Protein % 7.1 Protein % 6.3 Protein % 14.1 
Fat % 3.7 Fat % 5.5 Fat % 13.8 
Carbohydrate % 11.2 Carbohydrate % 17.7 Carbohydrate % 6.6 
Fiber % 0.1 Sodium %* OL Ash % 1.5 
Ash % 2.1 ME (Kcal) 660/Ib Calcium % 0.24 
Calcium % 0.33 Phosphorus % 0.15 
Phosphorus % 0.19 Magnesium % 0.014 
Potassium % 0.36 Magnesium, mg/100 Kcal 8 
Sodium % 0.16 Sodium % 0.06 


ME (Kcal) 485/Ib 


*50 mg sodium/100 g dry diet. ME, metabolizable energy as fed. 


ME (Kcal) 940/Ib 


Modified from Lewis LD, Morris ML Jr (eds). Small Animal Clinical Nutrition. 3rd ed. Topeka, KS, Mark Morris Associates, 1987, p A3-1. 


take. In general, a less sodium-restricted, more palat- 
able diet is better than a more sodium-restricted diet 
that a pet refuses to eat. Excessive sodium restriction 
alone or in combination with certain cardiac drugs 
such as diuretics and ACE inhibitors can occasionally 
affect the patient adversely. The potential for hypona- 
tremia and azotemia increases when dietary sodium 
restriction is combined with high doses of loop diuret- 
ics such as furosemide. 


POTASSIUM 


Electrolytes other than sodium are also important 
concerns in patients with heart disease. High dosages 
of potent diuretics, most notably the loop diuretics 
such as furosemide and bumetanide, may cause hypo- 
kalemia and hypomagnesemia. This is especially true 
when patients are anorectic. 


HYPOKALEMIA 


Hypokalemia is the most common electrolyte abnor- 
mality encountered during heart failure therapy in 
humans.” Contributory factors include reduced potas- 


sium intake associated with anorexia, diuretic-induced 
renal potassium loss, hyperaldosteronism, and persis- 
tent chloride depletion. Whereas high-sodium diets 
increase delivery of sodium chloride to the distal tubu- 
lar potassium-secreting sites, very-low-sodium diets may 
stimulate aldosterone-induced potassium secretion. 
The incidence of hypokalemia in dogs and cats be- 
ing treated with diuretics for CHF is not known. One 
study** documented a clinically insignificant drop in 
serum potassium in dogs treated chronically with furo- 
semide. A large multicenter investigation studying ca- 
nine heart failure revealed no clinically significant 
serum electrolyte changes in dogs treated with furose- 
mide and enalapril.” Severe hypokalemia in diuretic- 
treated animals is rare, but significant hypokalemia 
can occur,” especially in cats (chapter 28). Therefore, 
serum potassium should be monitored in animals at 
increased risk for developing hypokalemia. 
Hypokalemia causes increased morbidity in heart 
failure patients and the need for potassium replace- 
ment therapy.”° Animals in CHF are frequently at risk 
for ventricular arrhythmias and often receive digitalis 
glycosides. The enhanced automaticity of cardiac tissue 
in response to toxic levels of digoxin is increased by 
hypokalemia.” Also, the efficacy of class I antiarrhyth- 
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TABLE 32-2 
Sodium, Potassium, and Magnesium Content of Selected Commercial Animal Foods 
Sodium Potassium Magnesium 
(%)* (%)* (%)* 
Popular Dry Dog Foods 
Mean 0.40 0.69 0.17 
High 0.68 0.99 0.30 
Low 0.12 0.48 0.10 
Purina Dog Chow 0.42 0.67 0.16 
Alpo Beef Dinner 0.36 0.82 0.28 
Gaines Gravy Train 0.40 0.80 0.16 
Friskies Come ’N Get It 0.55 0.59 0.14 
Purina Hi-Pro Dog Meal 0.38 0.50 0.13 
Kal Kan Pedigree Meal Time 0.68 0.58 0.16 
Purina Kibbles ’N Chunks 0.29 0.75 0.16 
Field Trial Chunks 0.48 0.76 0.30 
Gaines Cycle-2 Adult 0.14 0.99 0.19 
Gaines Cycle-4 Senior 0.12 0.80 0.21 
Purina O.N.E. Adult 0.50 0.54 0.10 
Purina O.N.E. Lite 0.49 0.48 0.10 
Premium/Super Premium Dry Dog Foods 
Mean 0.35 0.65 0.11 
High 0.54 0.86 0.15 
Low 0.18 0.36 0.08 
Iams Less Active 0.26 0.75 0.12 
Iams Chunks 0.54 0.86 0.10 
Iams Eukanuba Adult 0.33 0.80 0.08 
Nutro Max 0.48 0.60 0.13 
Purina Pro Plan Adult 0.41 0.55 0.10 
Purina Pro Plan Lite 0.42 0.44 0.10 
Hill’s Science Diet Canine Maintenance 0.27 0.63 0.12 
Hill’s Science Diet Canine Maintenance Light 0.24 0.84 0.15 
Hill’s Science Diet Canine Senior 0.18 0.36 0.11 
Popular Canned Dog Foods 

Mean 0.99 1.32 0.08 
High 1.61 1.96 0.14 
Low 0.51 0.75 0.04 
Alpo Beef Chunks Dinner 0.64 1.32 0.07 
Kal Kan Pedigree with Chunky Beef 1.38 1.08 0.04 
Mighty Dog Pure Beef 1.02 1.23 0.04 
Kal Kan Grand Gourmet with Chunky Beef 1.19 1.96 0.08 
Gaines Cycle-2 Adult 0.60 1.64 0.09 
Skippy Chunky Beef Dinner 0.96 1.46 0.14 
Quaker Oats King Kuts with Real Beef 1.01 1.10 0.06 
Ken-L-Ration Original 1.61 1.57 0.13 
Kal Kan Pedigree Select Dinner 1.40 1.26 0.10 
Recipe Chunky Beef Stew 0.53 1.15 0.09 
Cadillac Chunky Beef Dinner 0.51 0.75 0.05 


mic drugs (e.g., lidocaine, procainamide, quinidine) 
is markedly diminished by hypokalemia.” Although 
hypokalemia is commonly associated with heart failure 
and diuretic therapies, serum potassium may increase 
with concomitant administration of certain prostaglan- 
din synthetase inhibitors, B-adrenergic blockers, potas- 
sium-sparing diuretics, and angiotensin-converting en- 
zyme inhibitors.” °° 


MANAGEMENT OF HYPOKALEMIA. Decisions regarding 
potassium supplementation are based on serum elec- 
trolyte levels. Empiric therapy with oral potassium 
agents should be avoided. In situations of critical hypo- 
kalemia, potassium replacement can be accomplished 


through judicious intravenous (IV) fluid administra- 
tion, avoiding excessive fluid administration (preload) 
and exacerbation of heart failure; IV potassium should 
not be administered faster than 0.5 mEq/kg/hr. Pref- 
erably, potassium can be supplemented orally using 
commercial replacement products, or by force feeding 
through nasoesophageal (cats) or pharyngeal (dogs) 
tubes. 


EFFECTS OF ACE INHIBITORS ON 
PLASMA SODIUM AND POTASSIUM 


A large multicenter trial studying the effects of enal- 
april in dogs with chronic acquired valvular disease 
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TABLE 32-2 
Sodium, Potassium, and Magnesium Content of Selected Commercial Animal Foods Continued 
Sodium Potassium Magnesium 
(%)* (%)* (%)* 
Premium/Super Premium Canned Dog Foods 
Mean 0.38 0.76 0.11 
High 0.54 1.45 0.17 
Low 0.26 0.37 0.08 
Hill’s Science Diet Canine Maintenance 0.29 0.62 0.12 
Hill’s Science Diet Canine Maintenance Light 0.35 0.58 0.12 
Hill’s Science Diet Canine Senior 0.26 0.44 0.09 
Iams Beef Formula 0.33 0.73 0.10 
Iams Turkey Formula 0.54 0.69 0.08 
Iams Chicken Formula 0.47 0.75 0.12 
Iams Lamb & Rice Formula 0.44 0.80 0.12 
Nature’s Recipe Maintenance Lamb & Rice 0.50 1.45 0.17 
Nutro Max Chicken, Lamb & Rice 0.26 0.72 0.08 
Nutro Natural Choice Lamb & Rice 0.39 0.78 0.09 
Dietary Animal Foods 

Mean 0.21 0.69 0.09 
High 0.55 1.15 0.14 
Low 0.08 0.30 0.05 
Hill’s Prescription Diet Canine h/d dry 0.08 0.72 0.12 
Hill’s Prescription Diet Canine h/d canned 0.08 0.83 0.13 
Hill’s Prescription Diet Canine k/d dry 0.23 0.38 0.08 
Hill’s Pescription Diet Canine k/d canned 0.22 0.30 0.08 
Hill’s Prescription Diet HealthBlend Canine Adult dry 0.22 0.54 0.08 
Hill’s Prescription Diet HealthBlend Canine Adult canned 0.22 0.49 0.09 
Hill's Prescription Diet HealthBlend Canine Geriatric dry 0.17 0.45 0.10 
Hill’s Prescription Diet HealthBlend Canine Geriatric canned 0.26 0.37 0.09 
Hill’s Prescription Diet Feline k/d canned 0.28 0.93 0.05 
Hill’s Prescription Diet Feline k/d dry 0.25 0.89 0.05 
Pro-Visions CNM CV-Formula canned 0.15 1.15 0.08 
Waltham low sodium diet canned 0.22 1.07 0.10 
Theradiet Heart canned 0.11 0.40 0.05 
Neura H diet canned 0.11 0.94 0.09 
Cadillac Special Formulation Diet H canned 0.55 0.82 0.14 


*Nutrient content calculated as a percentage of diet dry matter. 


From Roudebush P., Strategies for avoiding diet-drug interactions in dogs with cardiac disease and in dogs with cardiac disease and failure. Vet Med 


89(7) (Suppl) :714-723, 1994, with permission. 


(endocardiosis) and dilated cardiomyopathy found no 
clinically significant serum electrolyte abnormalities. 
Moreover, the prevalence of azotemia in both placebo- 
and enalapril-treated animals was not significantly dif- 
ferent." Many of these dogs were fed commercial 
sodium-restricted diets. 


MAGNESIUM 


Magnesium depletion has received growing atten- 
tion as a potential contributor to cardiovascular mor- 
bidity in dogs*™® * and humans with CHF.°°?!* Urinary 
magnesium wasting occurs with both thiazide and loop 
diuretic therapy, unlike urinary calcium excretion, 
which is enhanced only by loop diuretics.” Magnesium 
deficiency in humans results most commonly from 
poor dietary magnesium intake and increased renal 
magnesium wasting. The latter is generally due to di- 
uretics or drugs that exacerbate renal magnesium loss 


(e.g., ethyl alcohol, cis-platinum, amphotericin B, and 
certain aminoglycoside antibiotics). Digitalis toxicity 
can be exacerbated by hypomagnesemia,”’ and digitalis 
may also potentiate renal magnesium wasting.” Hypo- 
magnesemia appears to be present in some dogs with 
heart disease.” « 

Serum magnesium does not usually correlate well 
with tissue concentrations. Magnesium is largely bound 
to intracellular buffers or to bone, with only approxi- 
mately 1 percent residing in the extracellular space.¥ 
More reliable than serum magnesium levels are mag- 
nesium assays from skeletal and cardiac muscle biop- 
sies, or measurements of free or total magnesium in 
circulating mononuclear cells.” Unfortunately, these 
tests are not readily available. Serial measurements of 
serum magnesium in a given patient may reflect 
changes in total body magnesium homeostasis. 


MANAGEMENT OF HYPOMAGNESEMIA. Magnesium re- 
placement therapy is usually considered when (1) 
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there is high clinical suspicion of deficiency, as may 
occur in a cachectic chronic heart failure patient re- 
ceiving digoxin and loop diuretics, and (2) a low- 
normal serum magnesium level is detected. Some 
ventricular arrhythmias in humans have responded fa- 
vorably to magnesium supplementation, even in the 
face of normal serum magnesium levels.”® 


CARDIAC CACHEXIA 


Cardiac cachexia has been recognized for centuries*’ 
and refers to loss of total body fat and lean body 
mass, most notably skeletal muscle. In dogs it usually 
accompanies severe chronic CHF. In cats it is relatively 
uncommon but, when observed, is generally seen with 
chronic, severe, right-sided CHF. In humans, cardiac 
cachexia, as defined by anthropometry and low serum 
albumin, is present in 35 to 50 percent of patients with 
severe, chronic CHF.” Protein-energy malnutrition 
(kwashiorkor) and total body malnutrition (marasmus) 
have been used to describe different clinical conditions 
in humans.*™* 


PATHOPHYSIOLOGY 


Although no unified concept explains the pathogen- 
esis of cardiac cachexia, a number of factors may 
contribute.” ” Decreased caloric intake, reduced calo- 
ric assimilation, increased caloric utilization, hormonal 
changes, altered balance between catabolism and ana- 
bolism, and iatrogenic causes have been proposed. 


INAPPETENCE AND ANOREXIA 


Inadequate intake of calories and vitamins has been 
documented in human heart failure patients.“ Mild 
abdominal discomfort associated with ascitic distention 
is common in humans with rightsided heart failure 
and may act as a deterrent to eating, especially if eating 
intensifies the discomfort. Gastric compression by as- 
citic fluid and hepatomegaly may simulate satiety or 
fullness. Reduced gastric emptying associated with al- 
tered gastric motility has been described. A common 
observation in animals is that diets are made unpalat- 
able by severe sodium and protein restriction. 


MALABSORPTION AND MALDIGESTION 


Significant steatorrhea has been demonstrated in 56 
percent of humans with right-sided heart failure, and 
a number of these patients may suffer from a primary 
digestive defect.’ Intestinal mucosal congestion may 
contribute to malabsorption. Pancreatic edema may 
cause functional pancreatic cellular impairment or 


blockage of acini leading to maldigestion. Others have 
documented protein-losing enteropathy from second- 
ary intestinal lymphangiectasia associated with tricus- 
pid regurgitation. Lymphangiectasia from systemic 
venous hypertension and lymphatic hypertension not 
only causes gastrointestinal protein loss, it is also associ- 
ated with loss of lymphocyte-rich lymph and resultant 
immunologic impairment. 


SYSTEMIC VENOUS CONGESTION 


The nutritional status in cardiac cachexia may be 
influenced more by systemic venous congestion than 
by reduced cardiac output. Higher right atrial pres- 
sures and more severe tricuspid regurgitation have 
been noted in patients with malnutrition and cardiac 
cachexia than in those with normal nutritional 
status.** * The importance of increased right atrial 
pressure is supported by the finding of protein-losing 
enteropathy in patients with constrictive pericardial 
disease” and congenital right atrial lesions,“ in which 
left ventricular systolic function may be normal.** 


HYPERMETABOLISM 


Abnormal energy expenditure accelerates the wast- 
ing process. An absolute or relative degree of hyper- 
metabolism may result from increased myocardial 
oxygen consumption, hyperpnea, increased work of 
breathing, and, occasionally, low-grade fever.“ Sym- 
pathetic nervous system activation associated with 
chronic CHF'**° may contribute to the hypermetabol- 
ism associated with cardiac cachexia. 


DRUG TOXICITIES 


Drugs such as digitalis glycosides and some ACEI 
such as captopril may cause direct toxicity and unto- 
ward gastrointestinal effects. Digitalis glycosides also 
exert an inhibitory effect on sugar and amino acid 
transport in the small bowel.®' Plasma electrolytes may 
become altered by cardiac glycosides, ACEI, and di- 
uretics, affecting appetite and gastrointestinal motility. 


TUMOR NECROSIS FACTOR 


Tumor necrosis factor (TNF) has been implicated 
in the pathogenesis of cardiac cachexia. Also referred 
to as cachectin, TNF is a cytokine produced primarily 
by monocytes. It has cytotoxic activity against certain 
tumor cells and inhibits activity of lipoprotein lipase, 
an enzyme involved in the hydrolysis of chylomicron- 
associated triglycerides to free fatty acids and glyc- 
erol.5?: 52a 

Clinical studies have documented elevated circulat- 
ing TNF levels in cachectic humans and canines with 
chronic heart failure," and in some cats with heart 
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failure.” In humans, TNF levels were most elevated in 
patients who had high plasma renin activity, low serum 
sodium concentration, and poor renal function. Renin 
and prostaglandin (especially prostaglandin E,) are 
released in chronic CHF to regulate glomerular filtra- 
tion and systemic vascular resistance. Concentrations 
of prostaglandin E, similar to those measured in pa- 
tients with hyponatremic heart failure stimulate TNF 
production from monocytes in vitro.5® 57 


MANAGEMENT OF CARDIAC CACHEXIA 


Cardiac cachexia is debilitating, leading eventually 
to severe skeletal muscle wasting and a poor prognosis. 
Management includes (1) assuring adequate caloric 
intake, (2) drug therapy to improve hemodynamic 
parameters affected by heart failure, and (3) avoidance 
of drug toxicities or unpalatable diets that contribute 
to anorexia. Future interventions might include at- 
tempts to alter elevated circulating TNF levels. For 
example, both oxpentifylline and n-3 polyunsaturated 
fatty acids suppress TNF concentrations in humans.* 


ARTERIAL HYPERTENSION AND 
DIET 


Elevation of arterial blood pressure and associated 
conditions are receiving increasing attention (chapter 
35). The roles of certain nutrients are being explored, 
and dietary modifications are often included in ther- 
apy. Dietary management of systemic hypertension 
has largely been limited to dietary sodium restric- 


tion 1, 2, 22, 59 


SODIUM CHLORIDE 


Excessive dietary sodium intake has been incrimi- 
nated in the pathogenesis of human primary hyperten- 
sion. Most commercial dog foods contain high levels 
of sodium chloride, some in excess of 1 percent on 
a dry weight basis (Table 13-2).”* ? Experimentally, 
arterial blood pressure may return to normal with 
dietary sodium chloride restriction in some animal 
models and in many humans with hypertension sec- 
ondary to renal disease. It is presumed that dogs and 
cats with hypertension associated with renal disease 
would benefit from moderate dietary sodium restric- 
tion. Sodium intakes between 0.1 and 0.3 percent of 
the diet have been recommended for dogs and 0.4 
percent of the diet recommended for cats.!7 22% 


OMEGA — 3 FATTY ACIDS 


Fish oils and other seafoods contain a special class 
of polyunsaturated fatty acids called omega (w) — 3, or 
n—3 (“n minus three”), fatty acids. They have been 
reported to exert certain antihypertensive effects®' ©? 
and possibly to reduce mortality from coronary disease 
in humans, although recent findings have shown 
limited promise for the latter. Prostaglandins and 
other eicosanoids from polyunsaturated fatty acids af- 
fect blood pressure regulation.® Alterations in blood 
pressure during dietary supplementation with w~3 
fatty acids may be due to changes in endogenous syn- 
thesis of vasoactive eicosanoids.*! 

Other possible mechanisms have been proposed. 
For example, w — 3 fatty acids might enhance the renal 
handling of electrolytes; effect the release or response 
to renin and related hormones;™ protect renal func- 
tion by lowering arterial pressure and reducing the 
progressive renal dysfunction with systemic hyperten- 
sion; and reduce vascular responsiveness to systemic 
vasoconstrictors and a lower blood viscosity."' The ef- 
fects of w — 3 fatty acids are not likely limited to altered 
renal function but may also involve vasoactive hor- 
mones or vascular reflexes.* 

Ongoing veterinary studies evaluating the effect of 
dietary lipids on renal disease in dogs may provide 
insight. Specific recommendations await further eval- 
uations. 


L-CARNITINE DEFICIENCY 


L-Carnitine (3-hydroxy, 4-N-trimethylaminobutyric 
acid) is a small, water-soluble quaternary amine (mo- 
lecular weight, 160), found in high concentrations in 
mammalian heart and skeletal muscle. In the dog, 
L-carnitine is synthesized from the amino acids lysine 
and methionine. The enzyme required for final synthe- 
sis, gamma-butyrobetaine hydroxylase, is found primar- 
ily in the liver but not in mammalian heart or skeletal 
muscle. 


ROLE OF L-CARNITINE IN CANINE 
DILATED CARDIOMYOPATHY 


A poorly understood membrane transport mecha- 
nism concentrates L-carnitine in cardiac and skeletal 
myocytes. In normal mammals, plasma carnitine corre- 
lates closely with myocardial carnitine concentrations. 
This close correlation is lost in canine dilated cardio- 
myopathy (DCM). Pathophysiology, metabolism, and 
deficiency states have been reviewed.*~* 
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PHYSIOLOGIC FUNCTIONS OF 
CARNITINE 


MYOCARDIAL ENERGY PRODUCTION 


Free carnitine is required in the myocardium for 
fatty acid metabolism, and it serves an important de- 
toxifying role in the mitochondria.” Under all but 
immediate postprandial conditions, long-chain free 
fatty acids are quantitatively the most important meta- 
bolic substrate for myocardial energy production. Car- 
nitine is a critical component of the mitochondrial 
membrane enzymes (carnitine acetyl transferase I and 
II) that transport activated fatty acids in the form of 
acylcarnitine esters across the mitochondrial mem- 
branes to the matrix, where B-oxidation and subse- 
quent high-energy phosphate generation occurs. 


MITOCHONDRIAL DETOXIFYING ROLE 


Free carnitine serves as a mitochondrial detoxifying 
agent by accepting (or “scavenging”) acyl groups and 
other potentially toxic metabolites and transporting 
them out of the mitochondria as carnitine esters. Many 
defects in mitochondrial metabolism result in the toxic 
accumulation of these substances. For example, propri- 
onyl-CoA (coenzyme A) decarboxylase deficiency (one 
of the so-called organic acidurias) causes the toxic 
accumulation of proprionyl-CoA in mitochondria un- 
less free carnitine is available to form a proprionyl- 
carnitine ester (which is excreted in the urine) and 
regenerate metabolically useful free CoA.® Similarly, 
defects in mitochondrial medium, long-chain, or multi- 
ple acylCoA dehydrogenase enzymes can cause acyl- 
CoA to accumulate in the mitochondria to toxic levels 
unless the excess acyl groups are esterified to free 
carnitine, producing an acyl-carnitine ester and regen- 
erating free CoA. Excess carnitine esters cannot be 
reabsorbed by the kidney. Carnitine deficiency eventu- 
ally results if large quantities of free carnitine are not 
supplied. Mitochondrial toxin build-up can be largely 
prevented if adequate free carnitine is available. How- 
ever, underlying mitochondrial defect(s) are not cor- 
rected by carnitine supplementation, and carnitine 
therapy in these instances is palliative. 


DIAGNOSIS: CANINE CARNITINE 
DEFICIENCY 


A variety of clinical signs have been reported,” in- 
cluding encephalopathy, muscle weakness, recurrent 
infections, “failure to thrive,” and congestive heart 
failure.” Carnitine deficiency has been associated with 
primary myocardial diseases in humans, hamsters, tur- 
keys, and a family of boxer dogs.”-“ American cocker 


spaniels with DCM and taurine deficiency may be re- 
sponsive to taurine and L-carnitine therapy.’ 


ENDOMYOCARDIAL BIOPSY 


Tissue biopsies are needed to document tissue carni- 
tine deficiency definitively. Currently, transvenous en- 
domyocardial biopsy is the best-tested method. This is 
performed in sedated dogs placed in lateral recum- 
bency under fluoroscopic control. Generally consid- 
ered a research technique, the procedure is not diffi- 
cult or risky in experienced hands.” 


CARNITINE ASSAYS AND NORMAL 
CANINE VALUES 


Methods for measuring plasma and tissue carnitine 
concentrations have been described.” Appropriate 
samples (1 ml of heparinized plasma that was immedi- 
ately separated and frozen; two 5-mg endomyocardial 
biopsy specimens acquired by standard techniques, 
blotted dry, and frozen in liquid nitrogen within 15 
seconds of acquisition) may be sent to commercial or 
research laboratories for analysis. The cost of a plasma 
carnitine assay ranges from approximately $60 to $130 
per sample. Tissue assays generally cost approximately 
twice as much. 

Canine values for normal total, free, and esterified 
carnitine concentrations in plasma and myocardium 
are listed (Table 32-3). These are similar to values 
reported from larger, more invasive (open chest) dog 
studies.” 


CARNITINE DEFICIENCY STATES: 
CLASSIFICATION 


An absolute decrease in the plasma-free carnitine 
concentration is termed “plasma carnitine deficiency.” 
Similarly, “myocardial carnitine deficiency” is diag- 
nosed when the myocardial carnitine concentration 
falls below the 95 percent confidence interval for nor- 
mal. In humans, when the ratio of esterified to free 
carnitine in plasma exceeds 0.4 in the face of normal 


TABLE 32-3 
Normal Canine Plasma and Myocardial Carnitine 
Concentrations* 


Myocardial Carnitine 


Plasma Carnitine (nM/mg Noncollagenous 


(»M/liter) Protein) 
Total Free Esterified Total Free Esterified 
12-38 8-36 0-7 5-13 4-11 0-4 


*Ninety-five percent confidence intervals from six healthy dogs fed a stan- 
dard commercial diet. 
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plasma concentrations of free carnitine, carnitine insuf- 
ficiency is said to exist.” The utility of this ratio has not 
been extensively investigated in dogs. If both plasma 
and tissue free carnitine concentrations are decreased, 
systemic carnitine deficiency is present. When endomyo- 
cardial biopsy specimens contain decreased free carni- 
tine despite normal or elevated plasma free carnitine 
concentrations, myopathic carnitine deficiency is present. 


RELATIONSHIP BETWEEN PLASMA AND 
MYOCARDIAL CARNITINE CONCENTRATIONS 


Plasma carnitine deficiency is a specific but insensi- 
tive marker for myocardial carnitine deficiency in dogs 
with DCM. Most (80 percent) of the dogs in whom 
myocardial carnitine deficiency has been identified 
have myopathic carnitine deficiency (see earlier), with 
normal or elevated plasma carnitine concentrations. 
Systemic carnitine deficiency is present in approxi- 
mately 20 percent of the DCM cases. Current investiga- 
tions at North Carolina State University estimate (using 
a 95 percent confidence interval constructed from 20 
consecutive, unrelated dogs) that myocardial free car- 
nitine deficiency occurs in between 19 and 95 percent 
of dogs with DCM, although plasma carnitine levels 
may be normal, elevated or low. Experimentally, 
chronic rapid ventricular pacing in dogs induces sys- 
tolic myocardial dysfunction and CHF. This is also 
associated with myocardial carnitine deficiency in the 
face of normal or elevated plasma carnitine concentra- 
tions.” 


MECHANISMS OF CARNITINE DEFICIENCY 


Several potential factors may contribute to carnitine 
deficiency in canine DCM: (1) decreased carnitine 
synthesis; (2) decreased dietary intake (despite endog- 
enous carnitine synthesis, dogs require a dietary carni- 
tine source to maintain plasma carnitine concentra- 
tions at levels comparable to those found in other 
mammalian species because of their relatively limited 
renal capacity to reabsorb carnitine); (3) intestinal 
malabsorption; (4) increased renal loss; (5) abnor- 
mally increased esterification of free carnitine; and 
(6) myocardial membrane transport defects.” Because 
approximately 80 percent of the dogs with DCM that 
are fed commercial diets have myocardial carnitine 
deficiency with normal or elevated plasma carnitine 
concentrations, it is theorized that dogs might suffer 
from a membrane transport defect preventing ade- 
quate quantities of carnitine from entering the myocar- 
dium from the plasma. 


CARNITINE THERAPY IN CANINE 
DILATED CARDIOMYOPATHY 
INDICATIONS 


Ideally, carnitine supplementation should be based 
on the documented presence of myocardial carnitine 


deficiency (Table 32-3). Unfortunately, endomyocar- 
dial biopsy is generally unavailable. Plasma carnitine 
concentrations offer a specific but insensitive indicator 
of myocardial carnitine deficiency, with limited utility 
in identifying carnitine-deficient patients. Recommen- 
dations for L-carnitine therapy in canine DCM are 
based upon a number of considerations: (1) myocar- 
dial carnitine may be increased following oral supple- 
mentation; (2) increased myocardial carnitine concen- 
trations have been documented with dramatic clinical 
and hemodynamic improvement in a few dogs (pri- 
marily boxers receiving carnitine, and American 
cocker spaniels receiving taurine and carnitine); (3) 
the relative safety of this compound; and (4) the ratio- 
nale that some clinical benefit may be derived from 
correcting this deficiency. 

L-Carnitine is probably a useful adjunct to conven- 
tional pharmacotherapy in the treatment of heart fail- 
ure for many, but by no means all, dogs with myocar- 
dial carnitine deficiency associated with DCM. There 
is no evidence that high doses have any effect in the 
absence of myocardial carnitine deficiency. 


CLINICAL RESPONSE TO CARNITINE THERAPY 


The efficacy of carnitine supplementation on sur- 
vival or any objective parameter of myocardial function 
is difficult to measure. The natural progression of 
DCM is variable, and multiple drugs are used to man- 
age associated CHF and arrhythmias. 

Myocardial carnitine deficiency may represent only 
part of a spectrum of deleterious biochemical changes 
caused by many of the mitochondrial defects that con- 
tribute to DCM. Therefore, carnitine supplementation 
only imperfectly palliates these defects. This palliation 
may nevertheless be metabolically useful to the dam- 
aged myocardium, especially since it is obtained 
without the potential metabolic or hemodynamic 
“penalties” often associated with many conventional 
therapies. In a prospective pilot study, 18 Doberman 
pinschers with severe CHF and DCM received carnitine 
supplementation regardless of initial myocardial carni- 
tine concentration. Dogs with myocardial carnitine de- 
ficiency survived significantly longer than those that 
had normal carnitine concentrations.” Although the 
therapeutic efficacy of carnitine per se was not tested, 
the mean survival of Dobermans with myocardial carni- 
tine deficiency treated with carnitine in addition to 
conventional pharmacotherapy was substantially im- 
proved. In a blind, placebo-controlled trial, carnitine 
supplementation has been beneficial in the therapy of 
moderately severe human heart failure.” Carnitine has 
also been useful in treating CHF in Syrian hamsters 
and American cocker spaniels. 

The relatively small percentage of dogs that respond 
dramatically to carnitine therapy do so in a reasonably 
predictable manner: 
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1. The first notable observation is usually generalized 
clinical improvement. This includes increased appe- 
tite and activity, typically 1 to 4 weeks after initiation 
of oral carnitine supplementation. 

2. Echocardiographic improvement is not generally 
demonstrable during the first 8 to 12 weeks of 
supplementation, and it may not occur at all. When 
observed, improvement in systolic time intervals 
and fractional shortening begins after 2 to 3 months 
of supplementation. Improvement may continue for 
about 6 to 8 months, when a plateau is often 
reached at which the dog appears clinically well 
despite depressed echocardiographic ventricular 
function indices (fractional shortening rarely im- 
proves above 15 to 25 percent). 

3. The frequency and severity of ventricular ectopy 
generally remain unaltered by carnitine therapy. 

4. Conventional heart failure therapy can occasionally 
be withdrawn from dogs responding to carnitine 
supplementation. 


DOSAGE. Orally administered L-carnitine is rapidly 
and completely absorbed. Plasma concentrations fol- 
lowing a single oral dose remain elevated for approxi- 
mately 8 hours in the dog.” In DCM dogs with myocar- 
dial carnitine deficiency, high doses of carnitine (50 
to 100 mg/kg tid) given orally elevate the plasma 
L-carnitine concentration 10 to 20 times above pre- 
treatment values.’! This usually (but not always) in- 
creases myocardial L-carnitine concentrations into the 
normal range, as demonstrated by endomyocardial bi- 
opsy findings following 1 to 3 months of therapy. If 
endomyocardial biopsy is unavailable, and the owner 
is comfortable with the financial expenditure relative 
to the uncertain benefits, carnitine supplementation is 
recommended. Large dogs (25 to 40 kg) receive 2 
grams (approximately 1 teaspoonful of commercially 
available L-carnitine) mixed with food three times 
daily. 


SAFETY. Carnitine appears to be extremely safe. Su- 
praphysiologic doses have not produced serious ad- 
verse effects. Mild diarrhea has occasionally been re- 
ported in humans and one dog. The compound is 
widely available in health food stores without a pre- 
scription. Carnitine is classified by the FDA as a “me- 
dicinal food,” and it is widely added to carnitine-poor 
foods for humans without an adequate source of carni- 
tine and uncertain synthetic capabilities (e.g., nearly 
all infant feeding formulas are now supplemented with 
carnitine). 

Only the L-isomer must be administered, since 
D-carnitine inactivates carnitine-containing enzyme sys- 
tems, and mammals have no endogenous ability to 
convert D-carnitine to L-carnitine. Neither D-carnitine 
nor the racemic mixture (D-L-carnitine) can be safely 
administered. 


CARNITINE DEFICIENCY AND CATS 


Currently, no data implicate carnitine deficiency in 
feline myocardial disease, although little research in 
this area has been performed. Plasma carnitine con- 
centrations measured from cardiomyopathic cats were 
generally higher than normal; myocardial concentra- 
tions were not investigated.”* Correlation between 
plasma and myocardial carnitine concentration is in- 
consistent.” 


NORMAL FELINE CARNITINE VALUES 


Mean carnitine concentrations were higher in adult 
cats than in kittens for skeletal muscle (total and free 
carnitine) and myocardium (free carnitine). Plasma 
carnitine was similar between genders in kittens; how- 
ever, adults displayed higher total, free, and esterified 
carnitine concentrations in females than in males.*! 
Normal values are listed in Table 32-4.” 


TAURINE DEFICIENCY 


Taurine (2-aminoethanesulfonic acid) is a sulfur- 
containing amino acid found throughout phylogenetic 
history. It is largely confined to animals and seldom 
encountered in plants.™ 

The majority of taurine is intracellular, dissolved in 
the cytosolic fluid and bound to cell membranes. Tis- 
sues with the highest taurine concentrations include 
heart, retina, central nervous system, and skeletal mus- 
cle.® In cats, intracardiac taurine concentrations range 
between 6 and 18 mM (compare with potassium—150 
mM; and calcium—0.0001 mM in diastole, 0.01 mM in 
systole).** 4+ * Taurine is also present in high concen- 
trations in white blood cells and platelets.** *’ These 
high tissue taurine concentrations are maintained by 
active transport of taurine from plasma to the intracel- 
lular space that is modulated by the B-adrenergic re- 
ceptor—adenylate cyclase system. 


PHYSIOLOGIC ROLE OF TAURINE 


Other than conjugation of bile acids and the detoxi- 
fication of xenobiotics via conjugation and excretion 
in bile, the function of taurine in mammals is not well 
understood. It has been known since the mid 1970s 
that taurine is essential for normal retinal function 
in cats.*° Taurine is essential for normal myocardial 
function.*°** Despite in vivo and in vitro studies illus- 
trating the varied and ubiquitous effects of taurine in 
mammals, the basis for these effects remains unknown. 
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TABLE 32-4 
Normal Feline Plasma and Myocardial Carnitine Concentrations in Adult Cats’ 


Myocardial Carnitine* 


Plasma Carnitine* (n = adult cats 14) 


(wM/liter) Male (n = 9) Female (n = 4) (nM/mg Noncollagenous Protein) 
Total 13.6 + 4.3 24.8 + 9.8 Total 3.9 + 0.8 
Free 11.1 + 3.6 19.4 + 7.2 Free 2.7 = 0.6 
Esterified 2.6 + 1.6 5.4 + 3.1 Esterified 12 +04 


*Mean + standard deviation. 


TAURINE PHYSIOLOGY AND 
METABOLISM IN THE CAT 


Low tissue concentration of cysteine-sulfinic acid 
decarboxylase (CSAD), a key enzyme in the biosynthe- 
sis of taurine,” has been reported as the reason cats 
have a limited ability to synthesize taurine from cyste- 
ine and methionine. However, this limited synthetic 
ability is not unique to the cat (e.g., humans also have 
limited synthetic ability), and it is unlikely that this 
alone is sufficient to explain the cat’s propensity for 
developing low plasma taurine concentrations and as- 
sociated abnormalities. 

Many mammals preferentially utilize taurine for bile 
acid conjugation, forming taurocholic acid; however if 
taurine is in low supply, glycine can be utilized so that 
the major bile acid produced will be glycocholate (the 
glycine conjugate). Cats are unable to conjugate sig- 
nificant amounts of their bile acids with glycine.” They 
utilize taurine exclusively for bile acid conjugation, 
even when dietary taurine is restricted. Continued bili- 
ary taurine loss, combined with a low synthetic ability, 
predisposes the cat to becoming taurine-depleted. 

As an obligate carnivore, the feral cat has little risk 
of developing taurine deficiency. However, pet cats 
have been put at risk of becoming taurine-deficient 
through (1) the modern practice of feeding commer- 
cially produced cat foods, many of which are based 
upon plant products, and (2) our incomplete under- 
standing of feline nutrition. Several significant clinical 
states may result from taurine deficiency, including 
retinal degeneration, dilated cardiomyopathy, and in- 
fertility. 


TAURINE PHYSIOLOGY AND 
METABOLISM IN THE DOG 


Taurine is not an essential amino acid in the dog. 
Normal dogs fed diets with little or no taurine main- 
tain plasma and whole blood taurine concentration 
similar to that found in the normal cat.” The activity of 
cysteine-sulfinic acid decarboxylase (the rate-limiting 
enzyme in the synthesis of taurine) is high in the dog 


when compared with the cat.” However, activity of this 
enzyme alone does not fully explain the difference in 
the requirement between these two species. Dogs also 
conjugate bile acids solely with taurine.” Species differ- 
ences in the balance between taurine synthesis and 
biliary taurine loss during bile acid conjugation quali- 
tatively explains the dietary need for taurine in the cat 
and the lack of a dietary requirement in healthy dogs 
and humans. 

Recent evidence suggests that taurine deficiency 
should be considered when formulating a differential 
diagnosis for canine DCM.%” 1”. 1% 


TAURINE AND THE HEART 


There is extensive literature relating taurine to phys- 
iologic, biochemical, and cellular phenomena with re- 
spect to modulation of myocardial and cardiac func- 
tion. Taurine has beneficial effects in rabbits’! and 
humans” with valvular heart disease. The identifica- 
tion of taurine deficiency-induced myocardial failure 
in pet cats, and its reversal after taurine administra- 
tion,™ is the first direct evidence that taurine defi- 
ciency can cause a Clinically significant decrement in 
myocardial mechanical function in vivo. 


MECHANISMS OF TAURINE DEFICIENCY 


Mechanisms proposed to explain the action of tau- 
rine upon the myocardium include (1) osmoregula- 
tion (taurine is a small, highly charged, osmotically 
active molecule, and cellular osmoregulation induced 
by changes in intracellular taurine concentration may 
be an important mechanism in nervous tissue and 
myocardium®); (2) calcium modulation (modulation 
of tissue calcium concentrations and availability”); (3) 
free radical inactivation; and (4) other potential 
mechanisms (methylation of cell membrane phos- 
pholipids;'” direct effects upon the contractile pro- 
teins; 1° and interactions with the renin-angiotensin- 
aldosterone system!®). 

The relationship between taurine deficiency and 
myocardial failure as documented in pet cats’! '”° has 
heightened clinical focus on this relationship in other 
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species. Similar associations have been reported in 
foxes!” and dogs,’ !°' and implications for humans 
with DCM has been discussed.'™ 


TAURINE DEFICIENCY-INDUCED 
MYOCARDIAL FAILURE IN CATS 


EPIDEMIOLOGY 


An association between DCM in pet cats, low plasma 
taurine concentration, and diet was reported in 1987.9% 
This phenomenon has been reproduced in experimen- 
tal animals** and was independently confirmed in a 
multicenter clinical study.’ However, dilated (conges- 
tive) cardiomyopathy was widely recognized in cats by 
the early 1970s.'*-'" Clinical and pathologic findings 
had been described, and response to therapy was uni- 
formly poor.''® ''?"4 Therefore, much of the literature 
referring to idiopathic DCM in cats is suspected to be 
really associated with taurine deficiency, representing 
a nutritional form of secondary cardiomyopathy. 

Not all taurine-deficient cats develop myocardial fail- 
ure. In repeated studies performed at the University 
of California at Davis, approximately 25 percent of all 
(n > 100) cats experimentally depleted of taurine for 
more than 2 years developed overt myocardial failure. 
Other factor(s) required for taurine deficiency- 
induced overt myocardial failure are unknown. A ge- 
netic predisposition has been proposed.''’ Nutritional 
taurine deficiency combined with other causes of myo- 
cardial “stress” (e.g., congenital or acquired left ven- 
tricular volume overload or toxic, ischemic, nutri- 
tional, endocrine, or metabolic problems) may cause 
complicating effects. 


DIAGNOSIS 


Taurine deficiency-induced myocardial failure 
should be suspected when (1) myocardial (i.e., sys- 
tolic) failure is found concurrent with low plasma, 
whole blood, or tissue taurine concentrations (Table 
32-5), or (2) when other systemic evidence of taurine 
deficiency (e.g., central retinal degeneration) is pres- 
ent. 

Confirmation of taurine deficiency requires docu- 
menting normalization of myocardial function by se- 
rial echocardiograms after taurine supplementation. 
No criterion conclusively differentiates between tau- 
rine deficiency-induced myocardial failure and pri- 
mary idiopathic DCM. Lack of echo and clinical 
response to taurine suggest idiopathic DCM (chap- 
ter 28). 


HISTORY. Diet history should be ascertained to dis- 
cern homemade diets containing inadequate taurine. 
Owners need to be educated to prevent recurrence. 


TABLE 32-5 
Normal Values for Feline and Canine 
Taurine Concentrations 


Feline 
Plasma* 
Normal, > 60 
At risk, < 30 nmol/ml 
Whole bloodt 
Normal, > 200 nmol/ml 
At risk, < 100 nmol/ml 


Canine” 
Plasma 
Normal, > 25 nmol/ml: 
91 + 30 nmol/ml (using lithium heparin anticoagulant) 
64 + 16 nmol/ml (using sodium heparin anticoagulant) 


*Plasma taurine concentration is VERY labile; 24 hours of fasting can cause 
plasma concentrations to fall below 30 nmol/ml. 

+Whole blood taurine concentration is not as labile as that of plasma 
concentration. Fasting does not significantly affect values. 


Occasionally, taurine deficiency DCM still occurs in 
cats fed commercial diets containing inadequate 
amounts of taurine. 


CLINICAL FINDINGS. Historical complaints, signalment, 
and physical examination have many similarities to 
other feline myocardial diseases'!® (chapter 28). Cen- 
tral retinal degeneration coupled with evidence of 
heart disease increases suspicion of taurine deficiency, 
although taurine deficiency-induced retinal lesions 
are permanent, indicating only that taurine deficiency 
occurred at some time. Not all taurine-deficient cats 
develop central retinal degeneration. 


ELECTROCARDIOGRAPHY AND RADIOGRAPHY. These can- 
not definitively discriminate between taurine defi- 
ciency-induced myocardial failure and other forms of 
feline cardiac disease. Echocardiography will detect 
myocardial failure and cardiac chamber dilation but 
cannot confirm the underlying cause. 


BLOOD TAURINE CONCENTRATION ASSAY. Cats with any 
form of myocardial failure should have blood drawn 
for plasma and whole blood taurine concentration 
assays before taurine administration (Table 32-6). Oral 


TABLE 32-6 
Guidelines for Processing Blood Samples for 
Taurine Analysis 


Draw samples for both heparinized plasma and heparinized whole 
blood* 

Place sample on wet ice, or centrifuge the sample and separate 
plasma immediately 

Make sure the sample contains no clots or hemolysis 

Store and ship samples frozen (dry ice or ice packs) 


*Whole blood analysis is most accurate. 
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taurine is rapidly concentrated in the heart.” Even a 
single dose will make interpretation difficult. 


THERAPY 


When myocardial failure is detected or clinically 
suspected in cats, the following guidelines are sug- 
gested. 


1. If CHF is present, supportive and symptomatic care 
is essential during initial therapy (chapters 12, 28). 
Digoxin is not essential, nor is it contraindicated. 

2. Cats with documented or suspected taurine defi- 
ciency should have supplemental taurine, 250 mg 
orally every 12 hours until echocardiographic left 
ventricular dimensions and contractility normalize. 
This usually occurs within 4 months in cases of 
taurine deficiency DCM. Clinical improvement is 
usually evident within about 2 weeks. 

3. Diuretics and ACE inhibitors can be discontinued 
when signs of CHF resolve. While withdrawing med- 
ications, the respiratory rate must be monitored 
and prompt re-evaluation scheduled if tachypnea, 
dyspnea, or anorexia occur. 

4. Clinical examination, including radiographic or 
echocardiographic evaluation, should be repeated 
1 week after withdrawing medications. 

5. The diet should be altered to maintain normal 
plasma taurine concentrations (> 60 nmol/ml) or 
normal whole blood taurine concentration (> 200 
nmol/ml). 

6. Taurine supplementation can be discontinued once 
echocardiographic values normalize as long as diet 
modification maintains a normal plasma taurine 
concentration. 

7. Taurine concentration should be monitored period- 
ically to assure that the diet is maintaining accept- 
able blood taurine levels. If taurine concentrations 
became depleted again, many cats will redevelop 
myocardial failure. 


PROGNOSIS 


All cats with myocardial failure should immediately 
have supplemental taurine. The initial prognosis is 
guarded to grave. Approximately one third of affected 
cats die within the first week after diagnosis. Hypother- 
mia and thromboembolism confer a poor prognosis. 
Taurine supplementation does not provide survival 
benefit until 2 weeks after treatment is begun. The 
prognosis can be upgraded to fair for cats that survive 
1 week and respond to CHF therapy. Cats that survive 
2 weeks have a good prognosis. 

Most taurine-responsive cats have complete resolu- 
tion of echocardiographic and clinical abnormalities 
after taurine supplementation.’ 1° Occasionally, re- 
sidual mild myocardial failure (left ventricular shorten- 


ing fraction 25 to 30 percent) is recorded, although 
these cats are generally asymptomatic and rarely re- 
quire therapy other than maintaining normal plasma 
taurine concentrations. 


PREVENTION OF FELINE TAURINE DEFICIENCY 


As taurine deficiency is believed to result from inade- 
quate dietary taurine, it is preventable in most cases. 
A precise requirement for taurine cannot be deter- 
mined for all foods because the requirement depends 
upon many factors.** 118 No commercial diet should 
be assumed to be taurine sufficient unless the manu- 
facturer has provided feeding trial data documenting 
that it maintains normal blood and tissue taurine con- 
centrations while feeding for at least 6 months. Since 
the late 1980s, manufacturers of commercial diets have 
supplemented cat foods with additional taurine, which 
has greatly reduced the prevalence of feline DCM 
(chapter 28).1!** 


TAURINE DEFICIENCY AND 
MYOCARDIAL FAILURE IN DOGS 


Unlike cats, dogs are much less prone to plasma 
taurine deficiency. Few studies evaluating taurine and 
canine heart disease have been reported. 


EPIDEMIOLOGY 


In the largest study of plasma taurine and canine 
heart disease, 71 dogs with DCM and 32 with chronic 
acquired valvular disease were evaluated.” Plasma tau- 
rine concentration was low (< 20 nmol/ml) in 12 dogs 
with DCM but was normal or high in dogs with chronic 
acquired valvular disease. Breeds representing these 12 
affected dogs were generally not representative of 
breeds commonly associated with DCM. Only one dog 
had a history of an abnormal (vegetarian) diet and 
improved clinically following taurine supplementation. 
The cause of low plasma taurine in the other dogs, 
and whether it was associated with generalized tissue 
taurine depletion, was not reported. 

The relationship of taurine and myocardial failure 
is being evaluated in other breeds. American cocker 
spaniels with DCM were responsive to taurine and 
L-carnitine supplementation.’ 1 Plasma taurine con- 
centrations at baseline were low (< 50 nM/ml). 
Plasma taurine concentration did increase during tau- 
rine supplementation. Plasma carnitine concentrations 
were within, only slightly below, or above reported 
normal limits at baseline; they did not change during 
placebo administration and increased during supple- 
mentation. The cause of decreased plasma taurine con- 
centration in these dogs is unknown. 
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THERAPY 


In American cocker spaniels with DCM, echocardio- 
graphic left ventricular dimensions did not change 
during placebo administration but did improve during 
supplementation with taurine and carnitine. The 
shortening fraction increased significantly but not into 
the normal range. Echocardiographic variables re- 
mained improved at 6 months. Thus, some American 
cocker spaniels with DCM may be taurine deficient and 
responsive to taurine and carnitine supplementation. 
Central retinal degeneration was observed in two 
cocker spaniels with low plasma taurine concentration 
and DCM, suggesting that generalized tissue taurine 
depletion was present in these cases.!: 1°! 

The relative role of carnitine and taurine in the 
pathogenesis of canine DCM deserves greater study. 


CARDIOVASCULAR DISEASE 
AND OTHER NUTRITIONAL 
CONSIDERATIONS 


Relationships between cardiovascular disease and 
other nutritional abnormalities represent areas of 
increasing investigation. A number of nutritional dis- 
turbances have been associated with systemic and car- 
diovascular manifestations in animals, including ath- 
erosclerosis,'“" obesity,'*! and deficiencies in selenium 
and vitamin E,!? B vitamins,'? and thiamine.!24 

Epidemiologic relations were evaluated between 
plasma concentrations of nutrients and feline cardio- 
vascular diseases in 220 cats.' A number of significant 
differences were recorded in plasma concentrations of 
a-tocopherol, retinol, total triglycerides, and choles- 
terol among cats with hyperthyroidism and hypertro- 
phic and dilated cardiomyopathies. The clinical impor- 
tance, if any, of these abnormalities remains to be 
elucidated. Elevated plasma homocysteine concentra- 
tion has been linked to a wide variety of vascular 
diseases." Some cats with cardiomyopathy and arterial 
thromboembolism have homocysteinemia (Hohen- 
haus AE, et al. Unpublished data, 1998). 
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Cardiac 
Manifestations of 
Systemic and 
Metabolic Disease 


CLARKE E. ATKINS 


The effects of many systemic and metabolic diseases on cardiac structure 
and function are well recognized. In some cases they may constitute the 
major clinical concern; in others, these effects may be subtle or of minimal 
importance.! Discussion focuses upon those disorders that are most clinically 
important and for which adequate documentation exists. Relevant therapies 
are reviewed in their respective chapters. 


CARDIOMYOPATHY OF OVERLOAD 


Adaptive responses in the failing heart compensate for stresses imparted 
by sustained volume or pressure overload. One of the main causes of cardiac 
deterioration in these chronic settings is a type of cardiomyopathy referred 
to as “cardiomyopathy of overload” or “deterioration of the chronically 
overloaded heart.”? This pathophysiology provides insight into important 
cardiac cellular alterations and affects therapeutic strategies for clinical 
management. 

Cardiac hypertrophy is a significant compensatory mechanism that devel- 
ops in response to a pressure or volume overload. It may be physiologic, be 
readily reversible, and lack detrimental effects. Alternatively, it may constitute 
a pathologic response to preload and afterload stresses (volume and pressure 
loading, respectively), loss of myocytes (e.g., infarct), or diminished contrac- 
tility (e.g., cardiomyopathy) .* Except in neonates in whom myocyte hyperpla- 
sia is active, increases in muscle mass result from hypertrophy (an increase 
in individual cell size). Initially, mitochondrial mass increases, providing 
increased adenosine triphosphate (ATP) for the energy demands of hyper- 
trophy. With time, myofibrillar mass increases and ultimately outstrips mito- 
chondrial proliferation.’ 

In the compensated state, both volume overloading and pressure overload- 
ing change ventricular geometry and wall thickness. This minimizes eleva- 
tions that occur in systolic wall stress.* End-diastolic wall stress increases with 
volume but not with pressure overload states. 

Volume overload states (e.g., arteriovenous fistulas) result in eccentric hyper- 
trophy. This is characterized by ventricular dilatation with increased ventricu- 
lar volume and mass. It is accompanied by an early rise and then mainte- 
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nance of end-diastolic pressure. Sarcomere length is 
optimized and maintained at 2.2 um. Because new 
sarcomeres are laid down in series, there is no disen- 
gagement of actin and myosin myofilaments, despite 
progressive ventricular luminal dilatation. In the com- 
pensated state of chronic volume overload, stroke vol- 
ume is enhanced because the sarcomere length is opti- 
mal, and individual myocardial unit function is nearly 
normal. Increased preload enhances contractility by 
increasing the sensitivity of myofilaments to calcium.’ 
With time and large volume overload, slippage be- 
tween fibrils may occur, myocardial contractility de- 
creases, and heart failure ensues.” ° 

Pressure overload states (i.e., increased wall stress), 
such as occurs with systemic hypertension, produces 
eccentric and then concentric hypertrophy® The latter 
results when cardiac myofibrils are laid down in paral- 
lel, which increases cross-sectional diameter and mass. 
Ventricular pressures increase (systolic ventricular pres- 
sure increases much more than in volume overload 
states). Wall stress is “normalized” with concentric 
hypertrophy and maintained at a near-normal level.’ 
Decompensation is associated with alterations in ultra- 
structural organization, myofibril lysis, cell death, and 
fibrosis.” * If this state is severe and prolonged, myocar- 
dial “exhaustion” and failure ensue, with resultant 
heart failure (Fig. 33-1). 


7 HEART n 
Myocardial- > FAILURE 4 Myocardial- 


Cell Death Cell Death - 


I | 


*Myocardial Energy # Myocardial Energy 
Expenditure +CARDIAC OUTPUT Expenditure 


t Afterload + Lusitropy + Inotropy 
T NEUROHUMORAL STIMULATION 
Renin-Angiotensin 
Sympathetic-Adrenergic Cytosolic n 
Ca?" 


Vasoconstriction Arrhythmias, 


Sudden Death 


Cyclic AMP 
InsP, 


CIRCULATION 
FIGURE 33-1 


HEART 


Cardiovascular adaptations to heart failure associated with volume 
or pressure loads caused by cardiac or noncardiac diseases. 
Ultimately, cardiac cell death and “cardiomyopathy of overload” 
may result (see text for details). The stimulated neurohumoral 
systems affect the circulation and heart. Vasoconstriction increases 
afterload, which further decreases cardiac output and accelerates 
myocardial cell death by increasing cardiac work. Increased cardiac 
cyclic AMP and inositol-1,4,5-tris phosphate (InsP;) promote Ca* + 
entry, augmenting contractility; along with a chronotropic effect 
(not shown), this increases cardiac output. However, increased 
Ca** entering the cytosol can overload the systems that pump this 
ion out of the cell during diastole, thus impairing relaxation; Ca++ 
overload may also induce arrhythmias and sudden death. Thus, 
when the initial adaptive responses of both the circulation and the 
heart to a chronic low-output state become sustained, they can 
have deleterious long-term effects. (Reprinted with permission 
from Katz AM: Cardiomyopathy of overload. N Engl J Med 
322:100, 1990. Copyright 1990 Massachusetts Medical Society.) 


Hypertrophy generally provides short-term benefits, 
whether incited by cardiac or noncardiac disease or 
neurohumoral responses to falling cardiac output (Ta- 
ble 33-1; Fig. 33~1).? It initially “unloads” cardiac 
myocytes by adding sarcomeres, which is an early, en- 
ergy-sparing beneficial effect. However, these changes 
may alter the relationship of the myocardium to its 
capillaries, increasing intercapillary distances and al- 
tering oxygen perfusion. Severe hypertrophy may ulti- 
mately result in a larger heart with greater energy 
needs, attended by relatively fewer mitochondria that 
are receiving less nutrients for ATP production. In- 
creased collagen synthesis associated with acute over- 
loading may help maintain wall stress by preventing 
dilatation during early hypertrophy. However, this can 
eventually impair cardiac diastolic properties.” 

Pathologic hypertrophy contributes to diastolic dys- 
function by slowing the active, energy-requiring pro- 
cess of relaxation and by increasing diastolic stiff 
ness.* Chamber stiffness can result from increased wall 
thickness (caused by pressure overload), increased 
end-diastolic volume (caused by volume overload), 
temporary ischemia, and fibrosis. Increased intrinsic 
myocardial stiffness accompanying afterload-induced 
hypertrophy may worsen diastolic dysfunction.’ Pro- 
longed relaxation may occur with ventricular hypertro- 
phy associated with increased afterload, volume over- 
load, temporary ischemia, and delayed inactivation of 
contraction. The latter is associated with diminished 
or slowed intracellular calcium uptake by the sarcoplas- 
mic reticulum from subnormal intracellular ATP 
concentration.” è 

In the failing heart, ventricular walls initially thicken 
but may then undergo thinning in end-stage failure. 
Necrotic cardiac myocytes are replaced by fibrous con- 
nective tissue. Resultant chamber dilatation increases 
wall tension, which further escalates cardiac energy 
requirements. Ultimately, with prolonged and exces- 
sive cardiac overloading, decompensation occurs 
(“cardiomyopathy of overload”). This results in sys- 
tolic failure, diastolic dysfunction, and congestive 
heart failure.” 

In addition to these mechanical changes in the fail- 
ing heart, biochemical alterations occur. Cardiac mus- 
cle protein composition is altered; myosin ATPase ac- 
tivity is depressed; plasma and muscle carnitine 
concentrations (necessary for energy-providing fatty 
acid entry into mitochondria) are diminished; and 
sarcoplasmic reticulum calcium uptake is reduced, 
with a negative impact on diastolic function. ° Arrhyth- 
mias may occur and be associated with relative ische- 
mia, conduction inhomogeneities resulting from hy- 
pertrophy and fibrosis, increased intracellular calcium 
concentration, and possibly structural changes in ion 
channels. Finally, autonomic abnormalities occur: in- 
creased plasma and subnormal myocardial norepi- 
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TABLE 33-1 


Short-Term and Long-Term Responses to Impaired Cardiac Performance 


Response Short-Term Effects* 


Long-Term Effectst 


Salt and water retention 
Vasoconstriction 


Augments preload 


Sympathetic stimulation 
Sympathetic desensitization — 
Hypertrophy 


Capillary deficit = 
Mitochondrial density 
Appearance of slow myosin a2 


Prolonged action potential — 
ļ Density of sarcoplasmic reticulum Ca** — 
pump sites 


Î Collagen May reduce dilatation 


Maintains blood pressure to perfuse vital 
organs (brain/heart) 
} Heart rate and ejection 


Unloads individual muscle fibers 


T Density helps meet energy demands 


Pulmonary congestion, anasarca 

Exacerbates pump dysfunction (afterload 
mismatch); Î cardiac energy expenditure 

Î Energy expenditure 

Spares energy 

Cardiac cell deterioration/ death; 
cardiomyopathy of overload 

Leads to energy starvation 

l Density leads to energy starvation 

fT Force, | shortening velocity and 
contractility; energy sparing 

T Contractility, energy expenditure 

Slows relaxation; may be energy sparing 


Impairs relaxation 


*Short-term effects are mainly adaptive and occur after hemorrhage and in acute heart failure. 


+Long-term effects are mainly deleterious and occur in chronic heart failure. 


From Katz AM. Cardiomyopathy of overload. N Engl J Med 322:100, 1990. Copyright the Massachusetts Medical Society. 


nephrine concentrations, as well as reduced numbers 
of beta-adrenergic receptors (“down regulation”).? 

In summary, certain adaptive mechanisms, including 
myocardial hypertrophy, provide short-term compensa- 
tion in heart failure. Chronically, cardiac cellular and 
molecular abnormalities develop (“cardiomyopathy of 
overload”), which causes structural and functional de- 
rangements, clinical deterioration, and death. 


CARDIOPULMONARY DISEASES 


COR PULMONALE 


Cor pulmonale denotes right ventricular hypertro- 
phy associated with acute or chronic abnormalities of 
lung structure or function. In the chronic state, right 
ventricular hypertrophy and dilatation occur secon- 
dary to long-standing disease of the pulmonary paren- 
chyma or vasculature or both. In acute cor pulmonale, 
right ventricular strain or overload is produced by 
acute pulmonary hypertension, usually following mas- 
sive pulmonary embolism.'° Right heart failure may 
result from either condition. 


ETIOLOGIES. Chronic cor pulmonale often results 
from chronic obstructive pulmonary disease (COPD), 
bronchitis, bronchiectasis, emphysema, asthma, infil- 
trative pulmonary diseases, chronic recurrent pulmo- 
nary embolism, thoracic malformation, neuromuscular 
respiratory failure (myasthenia gravis), and upper air- 
way collapse or obstruction.'° In the dog, heartworm 
disease is probably the most important etiology of cor 
pulmonale. Acute cor pulmonale is usually caused by 
acute, massive pulmonary embolism in humans. In 


the dog and cat, it is most frequently associated with 
heartworm emboli. 


PATHOPHYSIOLOGY. Cor pulmonale results when pul- 
monary vasoconstriction or obstruction increases pul- 
monary vascular resistance.'? Important mechanisms 
are illustrated in Figure 33-2. Pulmonary vasoconstric- 
tion may result from disorders that directly or indi- 
rectly alter ventilation and reduce PaQO,. Alveolar hy- 
poxia (PaO, < 60 mmHg in humans) is the most 
potent stimulus for pulmonary vasoconstriction (by 
release of vasoactive substances) and is locally medi- 
ated.” Dogs breathing 5 percent oxygen experimen- 
tally sustain increased pulmonary vascular resistance 
(more than 40% increase) and develop pulmonary 
hypertension within 2 minutes of hypoxia onset.'* 

The duration of hypoxia required to produce right 
ventricular hypertrophy (RVH) may be relatively 
short.” Acidosis also plays a clinically important role 
in increasing pulmonary vascular resistance, both 
alone and synergistically with hypoxia." Pulmonary 
vasculature changes can occur quickly and worsen with 
chronicity. They diminish vascular luminal size, make 
pulmonary vessels rigid, and increase pulmonary vas- 
cular resistance. Such lesions include intimal thick- 
ening, inflammation and fibrosis, and medial hypertro- 
phy. Reversibility of these vascular changes is variable 
and poorly defined, and depends on severity and dura- 
tion.!° 

Pulmonary artery pressure may increase due to sev- 
eral mechanisms. The normal pulmonary vascular bed 
may accommodate increased blood flow with little 
pressure change. If flow alterations are severe or if 
recruitment of parallel vascular channels cannot be 
achieved, pulmonary artery pressure rises.'° Further 
pulmonary artery pressure elevations may result from 
chronic hypoxemia and associated polycythemia, as 
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Inciting Cause 


and/or 


Reduced 
PA 
Compliance 


Reduced PA 
Cross-sectional 


Area 


Pulmonary 
Vasoconstriction 


Respiratory, 
Acidosis 


Metabolic 
Acidosis 


Alveolar 
Hypoxia 


Polycythemia 
(increased 
viscosity) 


Pulmonary 
Hypertension 


Cor Pulmonale 
RV Hypertrophy/ 
Dilatation 


Right Heart 
Failure 


FIGURE 33-2 


Pathophysiologic mechanisms important in the development of cor 
pulmonale and, potentially, right heart failure. See text for 
explanation. PA, pulmonary artery; RV, right ventricular. 
(Reprinted with permission from Atkins CE: The role of 
noncardiac disease in the development and precipitation of heart 
failure. Vet Clin North Am 21:1035, 1991.) 


well as conditions that enhance cardiac output such as 
inotropic agents, volume overload, or exercise (Fig. 
33-2) 10-18 

The impact on cardiac function depends on the 
severity and duration of increased pulmonary vascular 
resistance. Right ventricular oxygen consumption is 
increased (Fig. 33-3) and may be intermittently or 


permanently worsened by states of elevated cardiac 
output, increased blood viscosity or volume, progres- 
sion or complication of underlying disease, hypoxemia, 
and acidosis. Early on, affected patients are essentially 
normal at rest. With exercise, however, they exhibit 
increased pulmonary artery pressure, vascular resis- 
tance, and right ventricular stroke work and reduced 
right ventricular ejection fraction. With severe disease, 
hypoxemia and moderate pulmonary hypertension oc- 
cur at rest; with exercise, this worsens and is accompa- 
nied by abnormal right ventricular filling pressures 
and function.’ 

Falling cardiac output initiates hypertrophy and 
other compensatory adaptations. If severe and pro- 
longed, pulmonary vascular disease ultimately pro- 
duces “cardiomyopathy of overload”? with right-sided 
heart failure. 


CLINICAL SIGNS. These depend upon the etiology of 
cor pulmonale and the extent of right ventricular fail- 
ure. Signs of right ventricular failure may include 
tachycardia, hypotension, manifestations of systemic 
venous hypertension (e.g., jugular venous distention, 
hepatomegaly, ascites), murmur of tricuspid regurgita- 
tion, and a split second heart sound. Rapid, shallow 
breathing may result when respiratory muscles can no 
longer cope with excessive loads to provide effective 
ventilation. 


THERAPY. Treatment is directed toward eliminating 
or palliating the underlying pulmonary hypertension. 
Ideally, this involves reversal of the underlying prob- 
lem. Therapy might also include vasodilators, which 
have the potential to reduce pulmonary vascular resis- 
tance whether pulmonary hypertension is primary (id- 
iopathic) or secondary. Reducing chronic hypoxia with 
oxygen therapy, improving ventilation (e.g., by re- 
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FIGURE 33-3 


The effect of chronic pressure-induced hypertrophy 
on myocardial oxygen needs is depicted for the right 
and left ventricles prior to the onset, and 18 months 
after the onset, of heartworm disease (HWD). Note 
that the index of cardiac effort (“double 
product’’—product of aortic or pulmonary artery 
peak systolic pressure and heart rate), an indication 
of myocardial oxygen consumption, has increased 
significantly (p < .02) for the right ventricle (RV), 
but not the left ventricle (LV). (Reprinted with 
permission from Atkins CE: The role of noncardiac 
disease in the development and precipitation of heart 
failure. Vet Clin North Am 21:1035, 1991.) 
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versing obesity or treating a skeletal myopathy), bron- 
chodilation, and treatment of infectious or neoplastic 
pulmonary infiltrative diseases may all potentially 
lower pulmonary vascular resistance and, hence, right 
ventricular afterload. Right-sided heart failure may re- 
quire salt restriction, angiotensin-converting enzyme 
(ACE) inhibition (e.g., enalapril), and diuretics. 


CHRONIC OBSTRUCTIVE PULMONARY 
DISEASE 


While the nomenclature for COPD is somewhat con- 
troversial, it is used here to denote conditions causing 
largely irreversible airway obstruction. In the dog, 
COPD has been used to describe chronic bronchitis, 
bronchiectasis, emphysema, and varying degrees of air- 
way collapse.'*"!7 


PATHOPHYSIOLOGY. In canine COPD, chronic airway 
injury leads to chronic inflammation, excessive and 
viscid mucus production, increased airway resistance, 
and diminished expiratory flow rates. Obstruction due 
to mucus plugs, inflammatory exudates, and structural 
obliteration causes air trapping and, potentially, em- 
physema. Compromised pulmonary defense mecha- 
nisms allow bacterial colonization, which enhances the 
destructive process. Airway hyperactivity, airway col- 
lapse, and obesity represent additional adverse fac- 
tors.'” Ultimately, alveolar hypoxia results, causing pul- 
monary arterial vasoconstriction, increased pulmonary 
vascular resistance, ventilation perfusion mismatching, 
hypoxemia, and the potential for cor pulmonale (see 
Fig. 33-2). The pulmonary capillary bed cross-sec- 
tional area is decreased in severe states from pulmo- 
nary parenchymal destruction and pulmonary vessel 
compression (from increased intrathoracic pressure as- 
sociated with air trapping).'° 

With severe COPD, the respiratory muscles function 
at maximal capacity to maintain ventilation. It may 
ultimately fail when the load becomes excessive (e.g., 
elastic and resistive factors increase due to lung hyper- 
inflation and obstruction; intrinsic end-expiratory 
pressure also increases the inspiratory threshold load). 
A vicious circle may result in which worsening hypoxia, 
hypercapnia, and acidosis further impair respiratory 
muscle function. Acidosis is especially deleterious to 
muscle function.'” 


CLINICAL SIGNS. Gradually progressive coughing and 
dyspnea with respiratory distress, expiratory wheeze, 
and rapid, shallow breathing occur. The electrocardio- 
gram (ECG) often shows P pulmonale (see Figure 
6-14). Acute respiratory failure is possible and must be 
considered in the differential diagnosis for congestive 
heart failure. 


THERAPY. Treatment of COPD varies according to 
etiology but is discussed in general terms under the 
preceding section on cor pulmonale. Management of 
acute respiratory failure includes correcting life-threat- 
ening hypoxemia and acidosis, treating the underlying 
process, and preventing complications. In humans with 
acute exacerbations of COPD, noninvasive ventilation 
was shown to reduce the need for endotracheal intuba- 
tion, the length of hospital stay, and the mortality rate. 
Successful therapy was accompanied by improvement 
in pH and a fall in the respiratory rate within the first 
hour of treatment.” 


PULMONARY THROMBOEMBOLISM 


Pulmonary hypertension associated with pulmonary 
thromboembolism results from increased resistance to 
blood flow. It is present when the pulmonary artery 
systolic pressure is 30 mmHg or higher, the mean 
pulmonary artery pressure is greater than 18 mmHg, 
or both. Slight increases in pulmonary arterial pres- 
sure may not cause clinical or radiographic signs. But 
if resistance to pulmonary blood flow increases, right 
ventricular afterload elevates and may ultimately cause 
RV failure and associated signs. Affected animals may 
clinically improve or succumb prior to right ventricular 
dysfunction, especially with acute pulmonary thrombo- 
embolism. 


ETIOLOGIES. Most commonly, heartworm disease 
(chapters 30, 31) causes pulmonary thrombosis or 
thromboembolism from dead worm fragments. Addi- 
tional embolic causes include air, fat, sepsis, tumor, 
and deep venous thrombosis."* ° Pulmonary thrombo- 
embolism has been associated with hypercoagulative 
states, vegetative endocarditis, autoimmune hemolytic 
anemia, protein-losing nephropathies, hyperadreno- 
corticism, and hypothyroidism. Long-term caging, pro- 
longed use of indwelling venous catheters, surgical 
procedures, obesity, shock states, heart failure, para- 
neoplastic syndromes, and pregnancy are considered 
to be predisposing factors.'* 


PATHOPHYSIOLOGY. In dogs with pulmonary thrombo- 
embolism (PTE), pulmonary hypertension may de- 
velop after 25 to 50 percent of the pulmonary arterial 
cross-sectional area is occluded.'* With significant PTE, 
ventilation-perfusion mismatching develops with resul- 
tant broncho- and vasoconstriction. Release of vaso- 
active substances from emboli further increases pulmo- 
nary vascular resistance, elevating pulmonary arterial 
and right ventricular pressures. Stroke volume subse- 
quently falls; the right ventricle dilates and hypertro- 
phies and may ultimately fail.” Pulmonary infarction is 
rare because of dual pulmonary blood supply. 

Acute right ventricular pressure increases may 
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worsen left ventricular function by diminishing its pre- 
load, altering left ventricular distensibility, reducing 
left ventricular volume by ventricular septal shifting, 
and causing arrhythmias.'* ° In contrast, chronic, re- 
current PTE, with partial pulmonary artery occlusion, 
produces more gradual increases in pulmonary vascu- 
lar resistance and pulmonary arterial pressure with 
increased right ventricular work. Ultimately, cor pul- 
monale may develop." 


CLINICAL SIGNS. Signs may be dramatic, with acute, 
severe pulmonary thromboembolism. Anxiety, dys- 
pnea, orthopnea, cough, hemoptysis, syncope, or cya- 
nosis may occur.'® 1° Jugular venous distention, cardio- 
genic shock, and occasionally ascites may be evident. 
Auscultation may reveal pulmonary crackles, tachycar- 
dia, split second heart sound, and murmur of tricuspid 
regurgitation. Radiographic findings include pleural 
effusion, regional oligemia, and pulmonary infiltrate 
representing hemorrhage, infarction, or edema.” 
Blood gas analysis typically reveals arterial hypoxemia 
(PaO, < 80 mmHg), metabolic acidosis, and, occasion- 
ally, respiratory acidosis.'* 7! The ECG may show sinus 
tachycardia, atrial and ventricular ectopy, and evidence 
of right atrial and ventricular enlargement. Echocardi- 
ographic findings include septal motion abnormalities 
(paradoxic septal motion), enlarged right ventricular 
internal dimension (and RV thickening if chronic), 
diminished left ventricular internal dimension, and 
right atrial enlargement. Doppler echocardiography 
may disclose abnormal flow profiles of pulmonic regur- 
gitation with high-velocity tricuspid regurgitation. ` 


THERAPY. Treatment includes resolution of predispos- 
ing causes, O; therapy via nasal insufflation or O% 
cage, pulmonary vasodilation, fresh plasma in cases of 
antithrombin II deficiency, and antithrombotic ther- 
apy with heparin or warfarin. 


ARTERIOVENOUS FISTULAS 


Noncardiac arteriovenous (AV) shunts are uncom- 
mon.” They may be acquired (usually single) or con- 
genital (single or multiple). 


ETIOLOGY. Acquired AV fistulas can result from blunt 
or penetrating trauma, including iatrogenic injury,” 
or by formation of new vessels in neoplastic processes. 
They are located most typically in the extremities but 
can occur anywhere. 


PATHOPHYSIOLOGY. The fistula allows blood to shunt 
from the high-pressure arterial to the low-pressure ve- 
nous aspect of the AV connection. The resultant turbu- 
lence produces an audible, continuous bruit and often 
a palpable thrill. With significant shunting, volume 


overload will result, and a murmur of mitral insuff- 
ciency may be noted. The shunt causes regional venous 
blood to be hyperoxygenated, and the affected vessels 
proliferate, increasing the number of arteriovenous 
communications.” Vascular proliferation is accompa- 
nied by ectasia, arterial venification, and venous 
arterialization.” °% Continuous shunting of blood pro- 
duces a volume overload state, with eccentric hypertro- 
phy and increased cardiovascular volume, afterload, 
and heart rate. Systolic function is typically maintained, 
while increased end-diastolic pressure may be adequate 
to produce signs of left-sided heart failure (pulmonary 
edema). At that point, cardiac output is typically nor- 
mal to elevated.*4 Chronic volume overloading may 
produce cardiac decompensation with high-output 
heart failure (chapter 34) and, ultimately, systolic myo- 
cardial failure (“cardiomyopathy of overload”’).? Car- 
diac effects are related to rapidity of onset, shunt size 
and duration, and the presence of underlying heart 
disease. 


CLINICAL SIGNS. The affected region may feel warm, 
appear swollen and painful, and have dermatologic 
changes such as edema, necrosis, ulceration, and 
pigmentation.” ** A bruit and palpable thrill may be 
detected over the fistula. Other changes may be spe- 
cific to the organ affected (e.g., ocular, central nervous 
system dysfunction, ascites with intrahepatic fistulas 
between hepatic artery and portal vein).” Signs of 
congestive heart failure may accompany long-standing 
or severe AV fistulas. 


THERAPY. Surgical interruption or coil occlusion of 
the arteriovenous communication is attempted when 
possible. Heart failure requires standard therapy with 
diuretics, salt restriction, exercise restriction, vasodila- 
tors, ACE inhibitors, and digitalis. 


ENDOCRINE AND METABOLIC 
DISORDERS 


THYROID GLAND 


HYPOTHYROIDISM 


This is the most commonly recognized endocrinopa- 
thy in the dog, but it is rare in the cat. 


ETIOLOGY. Thyroid hypofunction may be due to im- 
mune-mediated glandular destruction, or it may be 
idiopathic. Although it has been generally believed 
that hypothyroidism can complicate heart failure, 
there is little supportive evidence. There is anecdotal 
information, especially in Doberman pinschers, of iso- 
lated hypothyroidism occurring simultaneously with di- 
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lated cardiomyopathy.” Diminished myocardial func- 
tion was reported in 11 hypothyroid dogs, and cardiac 
dysfunction was largely reversed after 2 months of 
levothyroxine therapy.” 


PATHOPHYSIOLOGY. Thyroid hormone affects the 
heart by direct and indirect mechanisms.” Direct ac- 
tions that increase contractility include enhanced mito- 
chondrial protein formation and sodium-potassium 
ATPase activity, as well as synthesis and structural alter- 
ation of myosin. Enhanced sarcoplasmic reticulum ef- 
ficiency in calcium handling improves both systolic 
and diastolic function in hyperthyroidism. Thyroid 
hormone also increases the rate of diastolic depolariza- 
tion and reduction of action potential duration in 
sinoatrial nodal cells. Indirectly, thyroid hormones in- 
crease numbers and affinity of myocardial adrenergic 
receptors. 


CLINICAL SIGNS. Changes in heart rate, myocardial 
contractility, and ventricular size and mass are associ- 
ated with excess or reduced serum thyroid hormone 
concentrations.” ° Cardiovascular manifestations of 
hypothyroidism include slow heart rate, muffled heart 
sounds, hypertension (threefold increased incidence 
over euthyroid human controls), weakened cardiac 
apex beat and femoral arterial pulses, arrhythmias in- 
cluding atrial fibrillation, and occasionally congestive 
heart failure.*? Myxedema is recognized in dogs but 
has not been associated with pericardial effusion as in 
humans.” 

Derangements in serum lipid and cholesterol predis- 
pose to atherosclerosis (Fig. 33-4).* In a series of 21 
affected dogs,” all had coronary artery atherosclerosis 
and myocardial fibrosis; all had small thyroid 
glands—19 with abnormal histologic changes. Each of 
the six dogs tested for hypothyroidism had abnormally 
low serum thyroid hormone concentrations. 

Reported ECG changes include low voltage com- 
plexes, bradycardia, occasional arrhythmias, conduc- 
tion disturbances, widened QRS complexes, and T- 
wave alterations.” *° °? Myocardial dysfunction may be 
evident on echo by diminished shortening fraction, 
myocardial thinning, and alterations of systolic and 
diastolic time intervals.” *° *! Right- and left-sided 
heart filling pressures are typically normal, and heart 
failure is uncommon in the absence of underlying 
cardiac disease.” ** Reversible echo changes were dem- 
onstrated in long-standing human myxedematous hy- 
pothyroidism, and they were compatible with those of 
idiopathic hypertrophic subaortic stenosis.* 


THERAPY. Treatment involves thyroid hormone sup- 
plementation. If hypothyroidism complicates (or possi- 
bly causes) heart failure, standard therapy for heart 
failure is instituted with thyroid supplementation. 
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FIGURE 33-4 


Coronary atherosclerosis in a 2-year-old male Doberman pinscher 
with hypothyroidism and hypercholesterolemia. (Reprinted with 
permission from Atkins CE: The role of noncardiac disease in the 
development and precipitation of heart failure. Vet Clin North Am 
21:1035, 1991.) 


HYPERTHYROIDISM 


This is the most frequently encountered feline endo- 
crinopathy** but is rare in dogs*”> (chapter 34). 


ADRENAL GLAND 


HYPOADRENOCORTICISM (ADDISON'S DISEASE) 


Diminished adrenal gland function may result in 
reduced serum glucocorticoid and/or mineralocorti- 
coid concentrations. Affected dogs are generally young 
to middle-aged and typically female.” Affected cats are 
young to middle-aged without gender preponder- 
ance.” 


ETIOLOGY. Hypoadrenocorticism may be due to pri- 
mary adrenal dysfunction, or it may be secondary to 
adrenocorticotropic hormone (ACTH) deficiency.” 
Clinical manifestations are usually attributable to lack 
of both hormones. 


PATHOPHYSIOLOGY. Cortisol is gluconeogenic and cat- 
abolic, has anti-insulin activity, stimulates erythropoie- 


764 EFFECTS OF SYSTEMIC AND METABOLIC DISORDERS ON THE HEART 


sis, and diminishes gut calcium absorption by interfer- 
ing with vitamin D activity; it maintains vascular 
integrity and responsiveness to circulating vasoconstric- 
tors. Aldosterone increases serum sodium (which af- 
fects extracellular fluid volume) and decreases serum 
potassium concentrations.” Adrenal insufficiency is as- 
sociated with diminished intravascular volume; re- 
duced heart rate, cardiac output, and peak left ventric- 
ular work; and diminished O consumption. It may 
lead to cardiovascular collapse and death.” 


CLINICAL SIGNS. These usually relate to the effects of 
cortisol and/or mineralocorticoid deficiency. Waxing 
and waning anorexia, vomiting and diarrhea, dehydra- 
tion, weakness, and bradycardia are common. In severe 
cases, hypovolemia, shock, collapse, hyperkalemia, and 
death may ensue.” Clinical pathology abnormalities 
include hyponatremia, hyperkalemia, hypercalcemia, 
nonregenerative anemia, lymphocytosis, eosinophilia, 
hypoglycemia, azotemia, and metabolic acidosis. Less 
commonly, isolated hypocortisolism may occur. Clini- 
cal signs are similar but generally less severe, although 
profound hypoglycemia with seizures may result. Se- 
rum sodium and potassium concentrations are usually 
normal. In affected cats, lethargy, anorexia, weight 
loss, emesis, polyuria, dehydration, and collapse have 
been reported. Clinical pathology includes hypona- 
tremia, hyperkalemia, hypochloremia, azotemia, and 
hyperphosphatemia. Weak pulses, dehydration, and si- 
nus bradycardia may be detected.** Myocardial failure 
has been recorded in cats with low resting and post- 
ACTH plasma cortisol concentrations and eosino- 
philia, and without typical electrolyte alterations.” 
These had echocardiographic changes similar to those 
of dilated cardiomyopathy, were taurine unresponsive, 
and responded to corticosteroids. 

Cardiac manifestations reflect volume depletion 
(weakness, hypotension). Thoracic radiographs show 
microcardia and hypoperfused lung vasculature. Elec- 
trocardiographic alterations may be dramatic, with 
mineralocorticoid and glucocorticoid insufficiency, 
and are characteristic of hyperkalemia (see Hyperka- 
lemia later; also see Fig. 6-30).?” °° The ECG changes 
do not directly relate to serum K* concentration be- 
cause coexistent hyponatremia, hypocalcemia, and aci- 
dosis influence the electrocardiogram. Arrhythmias 
were recorded in 46 of 100 addisonian dogs in one 
study, and included sinoventricular rhythm, brady- and 
tachyarrhythmias, conduction disturbances, ventricular 
fibrillation, and asystole.** In a larger study that evalu- 
ated pretreatment ECGs in 122 dogs, atrial standstill 
occurred in about 47 percent, bradycardia in 29 per- 
cent, atrial or ventricular extrasystoles in 6 percent, 
and AV block (second or third degree) in 5 percent.” 
Another report of a larger population recorded that 
heart failure was a rare sequela,” * although death 
usually results from cardiogenic shock and hyperka- 


lemia. Electrocardiographic changes are generally ab- 
sent with isolated hypocortisolism.” 


THERAPY. Management of shock, repletion of gluco- 
and mineralocorticoids, and restoration of normal 
electrolyte concentrations are primary concerns. Ad- 
ministration of large volumes of normal saline is advo- 
cated for fluid, sodium, and chloride repletion. For 
life-threatening hyperkalemia, additional therapy to 
decrease or counteract the effects of elevated serum 
K* includes administration of (1) 5 percent dextrose 
in water, with or without insulin (0.25 to 0.5 unit of 
regular insulin/kg with 2 gm of dextrose/unit of insu- 
lin), or (2) 10 percent calcium gluconate (1 ml/kg IV 
over 5 to 10 minutes), or (3) sodium bicarbonate (1 to 
2 mEq/kg IV). Mineralocorticoid and glucocorticoid 
replacements are given. 


HYPERADRENOCORTICISM (CUSHING’S 
SYNDROME) 


Spontaneous hyperadrenocorticism results from ex- 
cessive cortisol production by the adrenal cortex. It is 
common in the older dog, but feline cases are rela- 
tively rare.” 37 


ETIOLOGY. Canine hyperadrenocorticism may occur 
secondary to pituitary adenoma (85 to 90 percent 
of cases), or be primary, associated with benign or 
malignant functional adrenal tumors.” Feline hypoad- 
renocorticism is usually associated with diabetes melli- 
tus and pituitary adenomas.” 


PATHOPHYSIOLOGY. Hypertension is very common 
(chapter 35). This is thought to be associated with 
increased sodium and water retention, increased vascu- 
lar sensitivity to vasopressors such as epinephrine, and 
cortisol-induced activation of the renin-angiotensin sys- 
tem.” Hyperlipidemia and hypercholesterolemia prob- 
ably contribute to atherosclerosis. In humans, heart 
failure may be associated with hyperadrenocorticism, 
probably related to hypertension and potentiation of 
atherosclerosis. !® 2” 


CLINICAL SIGNS. Polydipsia/polyuria, dermatologic 
changes, lethargy, muscle wasting, and panting occur.” 
Clinical pathology findings include lymphopenia, eosi- 
nopenia, low urine specific gravity, hyperlipidemia, hy- 
percholesterolemia, elevated serum liver enzyme activi- 
ties, hyperglycemia, and abnormal cortisol response to 
ACTH or dexamethasone. 

Cushingoid dogs may have radiographic and ECG 
evidence of cardiomegaly,” are often advanced in age, 
and frequently have concurrent chronic acquired val- 
vular disease, especially mitral regurgitation. Pulmo- 
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nary thromboembolism can cause right-sided heart 
strain, respiratory failure, or death. 


PRIMARY ALDOSTERONISM (CONN’S DISEASE) 


Although reported in humans, this condition is rare 
in dogs and cats. 


PATHOPHYSIOLOGY. Aldosterone regulates electrolyte 
excretion through renal sodium retention and potas- 
sium excretion and thus affects intravascular volume. 
Excessive aldosterone secretion is reported in humans 
from adrenal adenomas producing hypernatremia, hy- 
pokalemia, and systemic hypertension.'® 77 


CLINICAL SIGNS. Cardiovascular manifestations in- 
clude left ventricular hypertrophy secondary to in- 
creased systemic vascular resistance. Electrocardio- 
graphic changes in humans consist of arrhythmias, 
T-wave alteration, U-wave prominence, and patterns 
suggesting left ventricular enlargement.”’ I have ob- 
served an aged cat with adrenal gland adenoma and 
primary aldosteronism with hypertensive retinopathy, 
anorexia, weight loss, hypokalemia, and hyperna- 
tremia. Cardiovascular manifestations included a mur- 
mur, systolic and diastolic hypertension, left ventricular 
hyperkinesis and concentric hypertrophy, and nonsus- 
tained AV dissociation with junctional tachycardia, 
modest Q-T interval prolongation, and prominent U 
waves (Fig. 33-5). Other reports include a dog with 
idiopathic hyperaldosteronism with borderline sys- 
temic hypertension, hypernatremia, and mild hypoka- 
lemia;* and an aged cat with primary hyperaldosteron- 


FIGURE 33-5 


Electrocardiogram from an aged cat with primary 
hyperaldosteronism, hypokalemia, and hypertension. 
The QT interval is prolonged (190 msec), and a left 
axis deviation is present. Note the presence of U 
waves (arrowheads) following the T waves. P wave and 
an RS complex are indicated. (Courtesy of Dr. John 
Rush. Reprinted with permission from Atkins CE: 
The role of noncardiac disease in the development 
and precipitation of heart failure. Vet Clin North Am 
21:1035, 1991.) 
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ism secondary to an adrenal cortical adenocarcinoma, 
with severe hypokalemia, AV conduction abnormaii- 
ties, prolonged PR and QRS intervals, and paroxysmal 
ventricular tachycardia.” 


PHEOCHROMOCYTOMA 


Catecholamines secreted in excess may exert im- 
portant adverse effects on the cardiovascular system. 


ETIOLOGY. A syndrome associated with catechola- 
mine-producing tumors of the adrenal medulla is rare 
in humans and animals, but cardiac manifestations can 
be profound.” *. Affected dogs are most often aged, 
with no breed or gender predisposition. 


PATHOPHYSIOLOGY. Pheochromocytoma can cause lo- 
cal vascular invasion (renal, adrenal, and hepatic ves- 
sels) and metastasis, or it can effect changes by cate- 
cholamine excretion. In a series of 13 affected dogs, 
right and left adrenal glands were affected with equal 
frequency; bilateral involvement was noted in one dog. 
Adrenal tumors were invasive in eight dogs; in five, the 
caudal vena cava was involved, producing obstruction 
and ascites in two of the five. Two of the eight had 
distant metastases.*! Catecholamines that are secreted 
constantly, episodically, or both?” may cause hyperten- 
sion, “cardiomyopathy of overload,”’ arrhythmias, is- 
chemic myocarditis, or cardiomyopathy.”” 


CLINICAL SIGNS. These may be associated with local 
invasion, distant metastases, or the effects of endoge- 
nous catecholamine release. In dogs, the clinical pre- 
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sentation may include anxiety, anorexia, hyperthermia, 
panting, cough, dyspnea, weakness, trembling, mydria- 
sis, hypertensive retinopathy, proteinuria, polyuria, 
polydipsia, neurologic dysfunction, epistaxis, cyanosis, 
flushing of pinnae, diarrhea, abdominal distention, 
collapse, and death.* *! Hypertension is identified in 
approximately 50 percent of affected dogs in which 
blood pressure is measured.“ ECG changes include 
left ventricular enlargement and atrial and ventricular 
arrhythmias. Arrhythmias, including sinus tachycardia, 
are present in 15 to 54 percent of the cases. *! In 13 
affected dogs, sudden death was reported in 6 of 8 
symptomatic animals.*! The other five dogs were 
asymptomatic, with pheochromocytoma detected as an 
incidental postmortem finding. 

Cardiovascular manifestations documented in peo- 
ple include systemic hypertension, which is often inter- 
mittent, ECG abnormalities in up to 75 percent of 
patients (T-wave inversion, LV hypertrophy, shortened 
P-R and QRS intervals, S-T segment alterations, sinus 
tachycardia, and other arrhythmias); echocardio- 
graphic changes (LV hypertrophy, systolic anterior mitral 
valve motion during hypertensive crises, and, typically, 
normal ventricular function); myocarditis; reversible car- 
diomyopathy; and heart failure.?” Myocardial injury is 
associated with excess catecholamines and related sys- 
temic hypertension, ischemia, coronary vasoconstric- 
tion, increased sarcoplasmic permeability, and intracel- 
lular calcium overload.?’ 


THERAPY. Life-threatening arrhythmias are managed 
with standard antiarrhythmic therapy, alone or in con- 
junction with a-adrenergic blocking agents (e.g., phe- 
noxybenzamine) and f-adrenergic blocking agents 
(€.g., propranolol), after phenoxybenzamine has been 
administered. Surgical removal of the adrenal tumor 
is the definitive treatment. 


HYPERSOMATOTROPISM (ACROMEGALY) 


Growth hormone influences many metabolic activi- 
ties and, when secreted in excess, may cause cardiovas- 
cular manifestations. 


ETIOLOGY. Growth hormone (somatotropin) excess is 
most often associated with functional pituitary adeno- 
mas in humans and cats. In dogs it may occur second- 
arily in females after pituitary stimulation during exces- 
sive or prolonged progesterone exposure.”” ** Affected 
dogs and cats are of advanced age (mean, 10 years). 
No breed predilection is recognized, but male cats 
appear to be predisposed.” 42 43 


PATHOPHYSIOLOGY. Growth hormone and the insulin- 
like growth factors (somatomedins) that it stimulates 
produce a variety of biologic effects. The most im- 
portant include stimulation of protein synthesis and 


reduced protein catabolism, reduced glucose utiliza- 
tion, enhanced glycogen deposition, and lipolysis. 
Growth hormone is a potent diabetogenic hormone, 
and diabetes mellitus is the most commonly associated 
clinical syndrome. Other manifestations of acromegaly 
include proliferation of bone, cartilage, soft tissues, 
and internal organs, including the heart.* Acrome- 
galic humans have cardiomegaly, focal interstitial myo- 
carditis and fibrosis, accelerated coronary atheroscle- 
rosis, hypertension, increased cardiac mass, cardiac 
failure, and arrhythmias. Heart disease and failure is 
related in part to hypertension and coronary artery 
disease and probably is due to a direct cardiotoxic 
effect of growth hormone.” 


CLINICAL SIGNS. Respiratory stridor secondary to soft 
tissue impingement on airways is the most common 
clinical manifestation of acromegaly. Enlargement of 
limbs, feet, abdomen, and head is usually noted. Pyo- 
metra and associated mammary nodules may occur in 
progestogen-induced hypersomatotropism. Neurologic 
signs may accompany pituitary tumors. Also reported 
are hyperglycemia, glucosuria, hyperlipidemia, hyper- 
insulinemia (or later hypoinsulinemia), abnormally 
high growth hormone or somatomedin concentra- 
tions, elevated serum liver enzyme activities, leukocyto- 
sis, hyperphosphatemia, and variable changes in the 
erythron.” 

In six diabetic cats reported with acromegaly and 
high serum growth hormone concentrations, five had 
hypertrophic cardiomyopathy and three died of left 
heart failure.” * Systolic murmurs, gallop rhythms, 
muffled heart sounds, dyspnea, and ascites were vari- 
ably present. Thoracic radiographs disclosed cardio- 
megaly, pleural effusion, and pulmonary edema.” * A 
similar case was reported in a 12-year-old castrated 
male cat with hypersomatotropism, pleural effusion, 
hypertrophic cardiomyopathy, hyperinsulinemia, and 
mild glucose intolerance but without acromegaly or 
diabetes mellitus.“ In a series of 31 cats with hypertro- 
phic cardiomyopathy, mean serum growth hormone 
concentration was significantly greater (approximately 
fourfold) than that in normal cats and those with other 
cardiac disease, with 61 percent having concentrations 
above the expected normal range.* Eight of these 
cats underwent postmortem examination. None had 
pituitary tumors. Furthermore, none were diabetic, 
and plasma insulin concentrations were normal. A ret- 
rospective review of 74 cats with hypertrophic cardio- 
myopathy“? revealed them to be substantially younger 
(mean, 5.6 + 2.9 years; range, 1 to 16) than cats 
reported with “classic” hypersomatotropism (mean, 10 
years; range, 8 to 14).% These observations require 
further investigation, and cause-effect relationships be- 
tween hypersomatotropism and feline cardiovascular 
disease require further study. 
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Cardiomegaly, but not heart failure, has been recog- 
nized in dogs with growth hormone excess.” 


DIABETES MELLITUS 


Insulin is released from pancreatic B-cells in re- 
sponse to blood glucose elevation or stimuli from 
other secretagogues such as amino acids. This anabolic 
hormone stimulates glucose entry into cells, glycogen- 
esis, and lipogenesis. It opposes gluconeogenesis, lipol- 
ysis, ketogenesis, and the secretion and effects of gluca- 
gon. 


PATHOPHYSIOLOGY. Relative or absolute deficiency in 
pancreatic insulin secretion produces glucose intoler- 
ance, hyperglycemia, glucosuria, and an array of sys- 
temic and metabolic aberrations. These include hyper- 
lipidemia, hypercholesterolemia, hyperglucagonemia, 
hepatic lipidosis, serum liver enzyme activity elevation, 
ketosis, acidosis, weight loss, hyperosmolality, neuropa- 
thy, retinopathy, glomerulopathy, and cardiovascular 
disease. 

In human type I and II diabetes, the incidence of 
hypertension and coronary atherosclerosis is higher 
than in nondiabetics.” * Idiopathic cardiomyopathy is 
more frequently recognized in human diabetics. 

Diabetic cardiomyopathy is associated with microvas- 
cular disease, prolonged diabetic state, and histologic 
cardiac lesions (hypertrophy, fibrosis, glycoprotein ac- 
cumulation, and coronary microvascular endothelial 
and subendothelial proliferation) .*” * 

Various metabolic and structural mechanisms are 
associated with diabetes-related systolic and diastolic 
dysfunction. These include alterations in sarcolemmal 
membrane integrity secondary to cholesterol deposi- 
tion and diminished sialic acid concentrations—both 
related to chronic insulin insufficiency. These effects 


FIGURE 33-6 


Cardiovascular parameter displayed as percentage 
difference from controls in alloxan-induced diabetic 
dogs. Mild cardiomyopathy is indicated by significant 
(p < .05; stars) changes in pre-ejection period (PEP), 


Difference from Control (%) 


left ventricular ejection time (LVET), and PEP/LVET. -2 } 

FS, fractional shortening; Vef, velocity of SpE 

circumferential fiber shortening. (Reprinted with sgl 

permission from Atkins CE: The role of noncardiac 

disease in the development and precipitation of heart SB 

failure. Vet Clin North Am 21:1035, 1991.) -10 
-12 } 


threaten myocyte viability and increase intracellular 
calcium concentrations. The latter alter diastolic myo- 
cardial function and the organelle integrity, as well 
as activate destructive enzymes. Increased sympathetic 
activity in diabetics may further contribute to cardiac 
dysfunction. Animal studies indicate that the diabetic 
heart has increased sensitivity to the deleterious effects 
of hypertension. 

Diastolic dysfunction has been demonstrated in hu- 
man diabetics. Functional changes include elevated 
left ventricular end-diastolic pressure, reduced ejection 
fraction and left ventricular fractional shortening, sys- 
tolic time interval abnormalities, and increased wall 
stiffness.?” 4 48 Diabetic control is thought to diminish 
the risk of diabetic cardiomyopathy. However, two re- 
cent studies emphasize the mild nature of diabetic 
cardiomyopathy in the absence of coronary macrovas- 
cular disease and hypertension.*” 5! An increased risk 
of hypertension or coronary artery disease has not 
been demonstrated in diabetic dogs. Only mild de- 
creases in left ventricular systolic function were present 
in canine alloxan-induced diabetes of less than 5 years’ 
duration (Fig. 33-6).** In addition, a significant inverse 
correlation between glycosylated hemoglobin (increas- 
ing values indicating inferior control) and left ventric- 
ular fractional shortening was demonstrable. Changes 
in diastolic performance have been mild and less con- 
sistent. Collectively, these findings corroborate recent 
studies in humans suggesting that diabetic cardiomyop- 
athy, in the absence of coronary heart disease and 
hypertension, is mild. 


CLINICAL SIGNS. Although cardiac failure due to diabe- 
tes mellitus may not occur in animals, reduced cardiac 
performance in diabetics may complicate underlying 
pre-existing heart disease. 

Peripheral neuropathy may cause significant mor- 
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bidity in diabetic humans.” * Parasympathetic dysfunc- 
tion typically precedes sympathetic dysfunction. The 
cardiovascular effects of diabetic autonomic neuropa- 
thy may antedate other dysfunction and include in- 
creased heart rate; diminished responsiveness to vagal 
maneuvers and pharmacologic autonomic perturba- 
tion; arrhythmias; cardiac denervation; postural hypo- 
tension; increased anesthetic-related cardiopulmonary 
arrest; and 5-year mortality.” ** Although peripheral 
neuropathy has been documented in diabetic dogs” 
and cats,°* ECG studies of alloxan-diabetic dogs showed 
no evidence of impaired parasympathetic autonomic 
function,” suggesting that the dog is relatively resistant 
to neuropathic effects of diabetes. 


GLYCOGEN STORAGE DISEASE 


Inborn errors of metabolism may cause a variety of 
derangements, some with cardiovascular effects. 


ETIOLOGY. Deficiency of lysosomal acid alpha-glucosi- 
dase has produced cardiac and skeletal myopathies 
(Pompe’s disease or type II glycogen storage disease) 
in the Lapland dog.” 5 All affected dogs have been of 
this breed, suggesting a hereditary basis. 


PATHOPHYSIOLOGY. Abnormalities of myocardial dia- 
stolic or systolic function may result from myocardial 
cellular infiltration by incompletely degraded macro- 
molecules such as glycogen. 


CLINICAL SIGNS. Affected dogs may display muscular 
weakness, polydipsia, vomiting, megaesophagus and re- 
gurgitation, dyspnea (due to inhalation pneumonia), 
dysphonia, panting, and death before 2 years of age. 
Cardiac findings include atrial fibrillation, ventricular 
ectopy, tall R waves, wide QRS complexes, and short- 
ened PR intervals.” Postmortem changes include car- 
diomegaly with focal myocarditis and extensive glyco- 
gen infiltration. Congestive heart failure was not 
present. 


ELECTROLYTE ABNORMALITIES 


Abnormal ECGs may be recorded in animals with 
structurally normal hearts but who have significant 
electrolyte or acid-base alterations. Thus, ECGs are 
useful to help diagnose and manage many extracardiac 
conditions (Fig. 33-7). 


CALCIUM 


Calcium (Ca**) plays an important role in excita- 
tion and contraction of cardiac muscle fibers as well as 
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FIGURE 33-7 


Examples of the effects of electrolyte abnormalities on the 
electrocardiogram. Hyperkalemia: Early ECG changes include a tall, 
peaked (“tented”) T wave, usually symmetric; a normal or 
decreased Q-T interval; P-R interval prolongation with reduction in 
P wave amplitude followed by loss of the P wave. Late ECG 
changes include progressive decrease in R wave amplitude with 
increased prominence of an S wave, widening of the QRS complex, 
S-T segment depression, and depressed intraventricular 
conduction. Hypokalemia: There may be gradual ST segment 
depression, with a prominent U wave following and fusing with the 
T wave. In clinical practice, however, these changes are 
uncommonly detected until life-threatening hypokalemia is 
present. Hypercalcemia: The Q-T interval is prolonged. Hypocalcemia: 
The S-T segment is shortened, although the correlation between 
serum Ca** concentration and Q-T interval is unpredictable (Q-T 
interval is also affected by heart rate). See text for details. 
(Courtesy of Dr. Philip Fox.) 


maintaining normal vascular reactivity. ECG changes 
are associated with effects of Ca++ ions on the trans- 
membrane action potential. Hypercalcemia shortens 
the duration of phase 2; hypocalcemia prolongs the 
duration of phase 2 of the action potential. 


HTYPERCALCEMIA 


Serum Ca** greater than 12 mg/dl (> 11 mg/dl 
in cats) indicates hypercalcemia. Associated disorders 
include paraneoplastic syndromes, hypoadrenocorti- 
cism, hyperparathyroidism, and atypically, renal fail- 
ure.” Cardiovascular manifestations relate predomi- 
nantly to ECG alterations and include S-T segment 
depression and shortened Q-T interval. The latter does 
not correlate linearly with serum calcium concentra- 
tions, however. Slowed intracardiac conduction and AV 
block have been noted with severe hypercalcemia.” 
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THERAPY. Management of hypercalcemia depends, in 
part, on the underlying cause. When caused by para- 
neoplastic syndromes related to neoplasia, surgical or 
medical management is warranted. When associated 
with hypoadrenocorticism, corticosteroid and saline 
therapy is indicated. Acute reduction of serum calcium 
concentrations is indicated when the calcium times 
phosphorus product is greater than 60. This is accom- 
plished with volume expansion (normal saline), gluco- 
corticoids (prednisolone, 1 to 1.5 mg/kg PO bid), 
and/or furosemide (2 to 4 mg/kg sid to bid PO). 


HYPOCALCEMIA 


A serum Ca** concentration of less than 6.5 mg/ 
dl indicates hypocalcemia. Associated causes include 
chronic renal failure, hypoparathyroidism, hypoalbum- 
inemia, acute pancreatitis, and puerperal tetany. Acute, 
severe hypocalcemia may follow bilateral thyroidec- 
tomy for feline hyperthyroidism if parathyroid glands 
are inadvertently removed or injured. Hypocalcemia 
(unlike hypercalcemia) is associated with diminished 
cardiac performance and heart failure in humans.” It 
has been postulated that myocardial B-receptor “down 
regulation” occurs in dilated cardiomyopathy, which 
may render the myocardial contractile state dependent 
on extracellular Ca** concentration.** With stable 
chronic renal failure in humans, graded increases in 
serum Ca** (1.02 to 1.68 mmol/L) produced clini- 
cally significant improvement in myocardial contractil- 
ity.’ I have observed reversible myocardial depression 
in a dog with neurogenic pulmonary edema secondary 
to hypocalcemic seizures and hypoparathyroidism. The 
exact role of hypocalcemia in the myocardial dysfunc- 
tion was not clear. 

Hypocalcemia prolongs phase 2 action potential du- 
ration. The ECG changes classically include Q-T inter- 
val and S-T segment prolongation (see Fig. 33-7). 
Tachycardia, tall R waves, and T-wave abnormalities 
have been reported. 


THERAPY. Treatment of hypocalcemia is unnecessary 
if it is associated with hypoalbuminemia. Calcium sup- 
plementation is required if hypocalcemia causes pro- 
found weakness, cardiac hypokinesis, or tetany. 
Acutely, 10 percent calcium gluconate (1 to 1.5 mg/ 
kg) may be infused intravenously over 10 to 20 minutes 
with continuous ECG monitoring. In nonemergency 
situations, or after stabilization, oral calcium and vita- 
min D are administered. 


POTASSIUM 


Cardiac cells take up potassium (K*) and eject so- 
dium to maintain the resting negative membrane po- 
tential. Different cardiac cells vary in excitability and 


conduction in response to extracellular K*. The sinus 
node and His bundle are more resistant than ventricu- 
lar myocardium to increases in extracellular K*, which 
in turn is more resistant than atrial myocardium. Nei- 
ther hyper- nor hypokalemia produces or aggravates 
heart failure, other than by inducing or worsening 
arrhythmias. Experimentally, the inotropic and lusi- 
tropic response to epinephrine and preloading was 
significantly greater (20 to 60%) in normal versus hy- 
pokalemic dogs.” 


HYPERKALEMIA 


The ECG manifestations of hyperkalemia (>5.5 
mEq/L) include sinus bradycardia; tall, peaked T 
waves; P waves with low amplitude, widened, and even- 
tually absent; prolonged P-R and QRS intervals and 
heart rate—corrected Q-T interval; and, generally, low 
amplitude QRS complexes (Fig. 33-7). Although ECG 
changes generally worsen with increasing serum potas- 
sium concentrations, the exact prediction of serum 
potassium concentration from the ECG is impossible 
because of coexistent acid/base and electrolyte de- 
rangements (see Hypoadrenocorticism section ear- 
lier). Common etiologies of hyperkalemia include met- 
abolic acidosis, hypoadrenocorticism, massive cellular 
injury, renal failure, obstructive uropathy, untreated 
diabetic ketoacidosis, and poor tissue perfusion. 


THERAPY. Treatment is directed to reduce severe se- 
rum potassium elevation by administration of (a) 5 
percent dextrose in water with or without insulin (0.25 
to 0.5 unit of regular insulin/kg with 2 gm of 
dextrose/unit of insulin); (b) 10 percent calcium glu- 
conate (1 ml/kg IV over 5 to 10 minutes); or (c) 
sodium bicarbonate (1 to 2 mEq/kg IV). Treatment 
also consists of resolution of the underlying disease. 


HYPOKALEMIA 


Common causes of hypokalemia (< 3.5 mEq/L) 
include excessive fluid therapy, gastrointestinal or uri- 
nary K* loss, intensive diuretic therapy, alkalosis, an- 
orexia (especially cats), hyperaldosteronism, and cor- 
rection of diabetic ketoacidosis.” ECG changes include 
nonsustained AV dissociation, modest Q-T interval pro- 
longation, T-wave alteration, and prominent U waves 
(see Figs. 33-5 and 33-7). In humans suffering myocar- 
dial infarction, the incidence of ventricular arrhyth- 
mias, including fibrillation, is significantly greater, with 
concomitant hypokalemia."! 


THERAPY. Treatment involves (1) potassium supple- 
mentation and (2) correction of the underlying cause 
of hypokalemia. Supplemental potassium may be pro- 
vided (a) orally by dietary modification (e.g., nuts or 
fruits) or commercial preparations (potassium gluco- 
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nate: dogs, 2.2 mEq per 100 kcal daily caloric intake; 
cats, 2 to 6 mEq/day) or (b) parenterally. A commonly 
used guideline for intravenous supplementation is 
based on serum potassium concentration. For a serum 
concentration of less than 2.0 mEq/L, give 80 mEq/L 
of fluid; 2 to 2.5, give 60; 2.6 to 3.0, give 40; and 
3.1 to 3.5 mEq/L, give 25 to 30 mEq/L. Intravenous 
potassium supplementation should not be adminis- 
tered at greater than 0.5 mEq/kg/hour. 


MAGNESIUM 


Hypermagnesemia may shorten the Q-T interval and 
delay intracardiac conduction. Experimental hypomag- 
nesemia is associated with focal myocardial necrosis 
and arrhythmias. In clinical settings, it has been associ- 
ated with ventricular ectopy.°!-* 

Reported abnormalities may be related to the inter- 
relationships of magnesium (Mg**) with Ca++ and 
K+. Intracellular K* repletion is prevented by hypo- 
magnesemia. Additionally, chronic hypomagnesemia 
increases cytosolic and mitochondrial Ca* * concentra- 
tions and has been associated with cardiomyopathy 
in experimental animals. Hypermagnesemia interferes 
with calcium influx and intracellular action, thereby 
producing a negative inotropic effect.” Hypomagnese- 
mia occurs commonly in people treated for heart fail- 
ure with diuresis and anorexia. Furthermore, subnor- 
mal tissue and serum Mg*~* concentrations complicate 
40 percent of human heart failure cases. Nevertheless, 
disturbances in Mg** metabolism are not established 
in the genesis or precipitation of heart failure other 
than in a potential arrhythmogenic role. Moreover, 
serum K* or Mg** concentrations do not accurately 
reflect tissue ion levels.°! 


THERAPY. For treatment of hypomagnesemia and ven- 
tricular arrhythmias, magnesium sulfate can be admin- 
istered orally (dog: 8 to 25 gm/day; cat: 2 to 5 gm/ 
day) or intravenously (25 mg/kg IV of 50% solution, 
diluted, over 30 minutes). 


RENAL DISEASE 


UREMIC CARDIOMYOPATHY 


In humans, end-stage renal failure may increase LV 
stroke work index, cardiac dimensions, and end-dia- 
stolic pressure and predispose to heart failure. Cardiac 
dysfunction may complicate protein-losing glomeru- 
lopathy related to systemic hypertension (pressure 
overload), anemia (volume overload), and pulmonary 
thromboembolism (pressure overload). Although the 
hypothesis is controversial, the syndrome of uremia has 


been suggested to produce direct cardiotoxic effects. To 
my knowledge, this syndrome has not been recognized 
in companion animals. “Uremic endocarditis” has been 
described in two of eight dogs with uremic pericarditis 
and soft tissue mineralization.” 


UREMIC PERICARDITIS 


Acute and chronic uremia produces pericardial in- 
flammation in one third to one half of humans pre- 
sented for dialysis. 


PATHOPHYSIOLOGY. Pathogenesis involves develop- 
ment of serositis secondary to uremic toxins and, possi- 
bly, to volume overloading. 


CLINICAL SIGNS. Pericarditis may cause fever. A friction 
rub is sometimes detected during auscultation. Chest 
radiographs and ECG are abnormal in the majority of 
affected humans, and heart failure occurs up to 70 
percent of the time. Less common complications of 
uremia in humans include fibrinous pleuritis, chronic 
constrictive pericarditis, and hemorrhagic tamponade 
associated with heparinization for dialysis.” 

In a series of 66 cats with necropsy evidence of 
pericardial disease, pericardial effusion was associated 
with renal dysfunction in 7 (11%); 4 cats had chronic 
end-stage renal disease with probable hypertension; 1 
was similarly affected, but without LV hypertrophy, 
suggesting early or no hypertension; 1 had acute renal 
failure (ethylene glycol intoxication); and 1 had glo- 
merulonephritis with hypoalbuminemia.® In 42 dogs 
with pericardial effusion, uremic pericarditis was iden- 
tified in 1 animal.“ Another study revealed pericardial 
lesions in 11 of 150 dogs (7%) with renal failure; 8 
had clear or sanguineous pericardial effusion; and 3 
had pericarditis.” 


THERAPY. Management of pericardial effusion may 
entail pericardiocentesis and/or pericardiectomy. In 
acute syndromes, successful treatment of underlying 
renal disease or institution of dialysis resolves uremic 
pericardial effusion in 3 to 10 days; however, less than 
50% of chronic human cases resolve. Therapies using 
nonsteroidal anti-inflammatory drugs and corticoste- 
roids (systemic and intrapericardial) have been advo- 
cated. 


GASTROINTESTINAL DISEASE 


PANCREATITIS 


Pancreatitis may cause a variety of systemic and meta- 
bolic abnormalities. However, clinically important car- 
diac dysfunction is rare. 
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ETIOLOGY. Inciting causes vary and are usually un- 
known. Diagnosis is often hindered by lack of specific 
laboratory tests. 


PATHOPHYSIOLOGY. Acute canine hemorrhagic pan- 
creatitis has been associated with pulmonary hyperten- 
sion, possibly due to release of vasoactive substances.™ 
Whether this pulmonary hypertension is sustained or 
is of clinical importance is not known. A myocardial 
depressant factor (MDF) has been postulated to be 
associated with acute hemorrhagic pancreatitis.’ Pan- 
creatic ischemia promotes release of this peptide, 
which has a negative inotropic effect, thereby lowering 
cardiac output. Pancreatic enzymes may also damage 
the myocardium directly or induce coronary arterial 
thrombi. Electrolyte disturbances contribute to the 
genesis of supraventricular and ventricular arrhyth- 
mias, interventricular conduction disturbances, and S- 
T segment changes. 


CLINICAL SIGNS. Acute hemorrhagic pancreatitis may 
lead to irreversible shock associated with cardiac dys- 
function, endotoxemia, sepsis, hypovolemia, and pe- 
ripheral vasodilation. Congestive heart failure per se is 
not a recognized complication, but ventricular and 
supraventricular arrhythmias are common. 


THERAPY. Treatment is directed toward generalized 
patient support, including fluid therapy, antibiotics, 
and antiarrhythmic drugs when needed. 


GASTRIC DILATATION-VOLVULUS 


Cardiac manifestations are common and frequently 
serious in GDV. A mortality rate of 43 percent was 
reported in one study, due in part to cardiac dysfunc- 
tion, endotoxemia, hypovolemia, shock, and dissemin- 
ated intravascular coagulation.” 


ETIOLOGY. Many theories have been proposed. The 
majority of cases occur in large, deep-chested dogs. 


CLINICAL SIGNS. Cardiac arrhythmias are common and 
most often develop after surgical decompression. They 
include atrial and ventricular extrasystoles and tachy- 
cardias, atrial fibrillation, and, uncommonly, bradyar- 
rhythmias. In 48 GDV-related arrhythmias, 19 percent 
were detected at admission, 18 percent were recorded 
intraoperatively, and 65 percent were noted postopera- 
tively.” 

PATHOPHYSIOLOGY. A number of mechanisms may be 
operative: myocardial ischemia caused by GDV-induced 
hypotension and tachycardia-induced reduction in dia- 
stolic filling and coronary perfusion time; autonomic 
imbalance; fluid, electrolyte, and acid-base perturba- 


tion; and release of myocardial depressant factor. Post- 
mortem myocardial lesions are frequently noted and 
are probably associated with ischemia and arrhythmias. 
Myocardial degeneration, necrosis, and, rarely, fibrosis 
were reported in 62 percent of 13 dogs dying with 
GDV.” Seventy-seven percent of these dogs had ar- 
rhythmias. In experimental GDV, six (75 percent) of 
eight dogs suffered subendocardial necrosis, with four 
of these six dogs developing ventricular arrhythmias.” 

Experimental GDV has been associated with a reduc- 
tion in a number of hemodynamic variables: cardiac 
output (by 64 to 89 percent); LV dP/dt (42 percent); 
LV end-diastolic pressure (68 percent); mean arterial 
pressure (45 to 48 percent); total peripheral resistance 
(33 percent); coronary blood flow (50 percent); and 
myocardial oxygen consumption (50 percent).” De- 
compression improves loading conditions and returns 
cardiac output toward normal, despite the release of 
myocardial depressant factors.’*-” 

Myocardial depressant factor is a polypeptide (mo- 
lecular weight less than 1000) thought to be released 
from ischemic pancreas during shock. It results in 
negative inotropy, splanchnic vasoconstriction, and re- 
ticuloendothelial system dysfunction.” Both cardiosti- 
mulatory and cardioinhibitory humoral factors are re- 
leased after decompression in canine GDV, and the net 
effect in most dogs is diminished cardiac performance. 
Because of alterations in loading conditions, exact 
statements about the effect of GDV on cardiac contrac- 
tility are impossible. However, since dP/dt/aortic 
opening pressure (a relatively load-independent index 
of myocardial performance) is elevated in GDV, en- 
hanced contractility is suspected.” This state, probably 
mediated through the sympathetic nervous system, is 
counteracted by alterations in heart rate and rhythm, 
reduced preload, and increased afterload, with a net 
reduction in cardiac output. After decompression, dP/ 
dt/aortic opening pressure rose in two dogs and fell 
precipitously in four dogs with experimental GDV. 
Plasma from the latter four dogs had evidence of myo- 
cardial depressant factors in vitro, whereas the former 
two had evidence of cardiostimulatory substance(s), 
probably catecholamines.” 


CLINICAL SIGNS. GDV does not produce congestive 
heart failure. However, it may precipitate or worsen 
failure in dogs affected with heart disease, especially 
cardiomyopathy. The most characteristic signs are 
acute abdominal distention and tympany, restlessness, 
salivation, and rapid, labored breathing. Many dogs 
present with physical examination findings of shock 
(rapid pulse, pale mucous membranes, hypotension, 
prolonged capillary refill time) and arrhythmias. 


THERAPY. Treatment is aimed at alleviating gastric 
distention; reducing the volvulus; correction of fluid, 
acid-base, and electrolyte disturbances; and controlling 
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serious arrhythmias. If septic shock is present, cortico- 
steroids (dexamethasone sodium phosphate, 4 mg/kg 
IV) and antibiotics are indicated. Sodium bicarbonate 
is reserved for cases with life-threatening metabolic 
acidosis. 


HEPATIC DISEASE 


Hepatocellular failure induces reversible systemic va- 
sodilation and enhances cardiac output as much as 
two to four times.”” Factors affecting this hyperkinetic 
state include hypoxemia, which occurs secondary to 
pulmonary microarteriovenous fistulas, intrahepatic 
arteriovenous shunting with cirrhosis, and diminished 
deactivation of vasodilators and estrogens. 


CENTRAL NERVOUS SYSTEM 


NEUROGENIC HEART DISEASE 


Cardiovascular lesions have been reported in associa- 
tion with certain neurologic disorders. 


ETIOLOGY. Multifocal myocardial necrosis secondary 
to brain lesions (ruptured aneurysm, hemorrhage, 
neoplasia, and meningitis) has been documented in 
humans.” Electrocardiographic abnormalities are also 
recognized (S-T segment and T-wave changes and Q-T 
interval prolongation). A similar association between 
myocardial lesions and brain or spinal cord disease has 
been documented in each of the domestic species 
except the cat. Myocardial lesions were identified in a 
series of 40 dogs with neurologic diseases that included 
trauma (73%), intervertebral disk protrusion, distem- 
per, neoplasia, and encephalomalacia. Focal subendo- 
cardial or subepicardial streaks were identified and 
corresponded to histologic lesions of swelling and 
acute degeneration; myonecrosis; and in some cases, 
inflammation and fibrosis. These dogs ranged in age 
from 1 month to 12 years. Clinical data were provided 
on only two dogs, neither of which was in heart failure. 
One trauma case exhibited ventricular tachycardia and 
died after postoperative cardiac arrest. 


PATHOPHYSIOLOGY. A proposed mechanism is auto- 
nomic imbalance, especially with sympathetic overacti- 
vity.” Norepinephrine infusion can produce similar 
lesions. Reserpine, which inhibits sympathetic action 
by depleting norepinephrine tissue stores, protects 
against myocardial necrosis after head trauma. The 
pattern of necrosis is similar to that of adrenergic 
nerve supply and is associated with focal depletion.of 
catecholamine granules. In most instances, the central 


nervous system insult is acute, and there is a lag period 
of several days before the onset of myocardial lesions. 


HEMATOLOGIC DISEASE 


ANEMIA 


Anemia is the most common cause of high-output 
states in humans and may result in high output failure 
in animals.” 


PATHOPHYSIOLOGY. Cardiac output increases as dimin- 
ished blood viscosity (hemoglobin < 7 g/dl) and resul- 
tant tissue hypoxia reduce systemic vascular resistance. 
Increased circulating catecholamines may also contrib- 
ute by their positive inotropic effect. Eccentric cardiac 
hypertrophy and increased heart rate accompany this 
high-output state. 


CLINICAL SIGNS. A midsystolic heart murmur, gallop 
rhythm, and hyperdynamic precordial impulse may be 
detected. Rarely, pulmonary edema is present. Chronic 
anemia (PCV < 20 percent) frequently produces soft, 
midsystolic murmurs in dogs and cats, probably related 
to changes in viscosity, heart rate, cardiac geometry, 
and cardiac output. Such murmurs may also reflect 
unmasked mitral insufficiency. High-output cardiac dis- 
ease was described in a profoundly anemic kitten with 
a systolic heart murmur, cardiomegaly, pulmonary 
edema, and diminished myocardial performance.” 
These signs abated and cardiac anatomy and function 
normalized after symptomatic therapy and reattain- 
ment of a normal erythron. 


THERAPY. Correction of the underlying cause of ane- 
mia, transfusion, and treating heart failure represent 
therapeutic goals. 


DISORDERS ASSOCIATED WITH 
INCREASED BLOOD VISCOSITY 


POLYCYTHEMIA AND HYPERGLOBULINEMIA 


ETIOLOGY. Polycythemia may be related to primary 
conditions, such as neoplastic processes, or may occur 
secondary to hypoxemia (lung or cyanotic heart dis- 
ease) or excessive erythropoietin hormone production 
from neoplasia or renal disease. Numerous pathologic 
states result in an increased globulin concentration, 
especially multiple myeloma in dogs.” Hyperviscosity 
syndromes may result from marked elevation in circu- 
Jating immunoglobulin concentration in plasma cell 
dyscrasias or other neoplastic syndromes. A small num- 
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ber of dogs with hyperviscosity syndrome have been 
reported.” 


PATHOPHYSIOLOGY. Polycythemia and hyperglobuli- 
nemia may contribute to cardiac dysfunction by in- 
creasing ventricular afterload.” The optimal hemato- 
crit in regard to blood flow is approximately 40 
percent. Polycythemic states, despite increased blood 
viscosity, tend to be accompanied by elevations in 
blood oxygen content, cardiac output, and blood vol- 
ume.” Little evidence exists in the veterinary literature 
to indicate that heart failure results from polycythemia. 
However, polycythemia may well contribute to cardiac 
dysfunction in cyanotic congenital heart disease. 

High-output heart failure has been associated with 
hyperviscosity syndrome produced by elevated circulat- 
ing immunoglobulin concentrations in human multi- 
ple myeloma.*** Cardiac dysfunction results from in- 
creased volume and pressure loading, as well as relative 
myocardial ischemia due to poor coronary perfusion. 
In one study, eight of ten patients with hyperviscosity 
syndrome (mean serum total protein concentration, 
13.0 g/dl; mean hemoglobin concentration, 7.7 g/ 
dl) exhibited congestive heart failure.** There was no 
correlation between serum viscosity and the severity of 
signs. In another report, 8 percent of 535 patients 
with hyperviscosity syndrome died of heart failure.” 
Multiple myeloma, with only mild anemia and without 
hyperviscosity, has also been associated with high-out- 
put heart failure in humans, characterized by a relative 
tachycardia, reduced systemic vascular resistance, ele- 
vated left- and right-sided venous pressures, and abnor- 
mally high cardiac output.** The mechanism for high- 
output failure remains obscure. 


CLINICAL SIGNS. In dogs with reported hyperviscosity 
syndrome, clinical presentation included hemorrhagic 
diathesis (epistaxis) and renal, cardiac, ocular, and 
neurologic dysfunction. Of seven reported cases, one 
dog (a 5-year-old male Yorkshire terrier) was diagnosed 
as having heart failure.® Detectable abnormalities in- 
cluded a holosystolic murmur over the mitral valve 
region, sinus tachycardia, cardiomegaly, and pulmo- 
nary edema. The underlying disease was lymphocytic 
leukemia (serum total protein, 12.8 g/dl; packed cell 
volume (PCV), 34%). 


THERAPY. The goal of reducing blood viscosity can be 
attained by phlebotomy, chemotherapy for neoplastic 
polycythemia or hyperglobulinemia, or plasmapheresis 
for hyperglobulinemia. 


MISCELLANEOUS DISORDERS 


HEAT STROKE 


When core temperatures exceed 43°C (>109° F) in 
dogs, direct thermal tissue injury produces heat 
stroke.* 


PATHOPHYSIOLOGY. Heat-induced vasodilation re- 
duces systemic vascular resistance, with resultant hypo- 
tension and decreased tissue perfusion. This may be 
complicated by reduced myocardial performance, vol- 
ume contraction secondary to dehydration, and other 
fluid-electrolyte and acid-base abnormalities. Subendo- 
cardial hemorrhage, myocyte degeneration and necro- 
sis, right ventricular dilatation, and pulmonary edema 
are reported.® The exact role of cardiac dysfunction 
in the development of pulmonary edema is difficult to 
determine, since pulmonary edema associated with 
acute respiratory distress syndrome occurs in heat 
stroke.** 


CLINICAL SIGNS. Multiorgan failure may occur, mani- 
fested by panting, tachycardia, vomiting, diarrhea, con- 
vulsions, hemorrhage, collapse, coma, and death. Re- 
nal, hepatic, pulmonary, and cardiac dysfunction may 
develop. Elevated serum lactate dehydrogenase (LDH) 
activity is a consistent finding. Sinus tachycardia, T- 
wave and S-T segment alterations, and conduction dis- 
turbances have been documented.*’ Cardiac function 
has been described as being either hyper- or hypody- 
namic, the latter potentially producing cardiogenic 
shock. 87 Heart failure is rare. Right ventricular dilata- 
tion and temporary, but prolonged, right ventricular 
dysfunction have been noted. I have documented re- 
versible myocardial failure and pulmonary edema. 


THERAPY. Successful management is aided by rapid 
recognition and initial temperature reduction using 
cool water. Ice water may interfere with heat exchange 
by causing peripheral vasoconstriction. Heat reduction 
efforts should cease when the body temperature ap- 
proaches 103° F. Concomitant aggressive isotonic fluid 
therapy (shock doses: 90 ml/kg/hr), as well as man- 
agement of metabolic acidosis, secondary sepsis, coagul- 
opathies, arrhythmias, and specific organ system 
dysfunction, may also be necessary. Corticosteroids (dex- 
amethasone sodium phosphate at 4 mg/kg IV) have 
been advocated for their membrane-stabilizing effects. 


HYPOTHERMIA 


Hypothermia occurs with a core body temperature 
of less than 35°C (< 95° F). It may produce multiple 
organ dysfunction and mortality rates as high as 80 
percent.*? 


PATHOPHYSIOLOGY. There is little information about 
cardiac effects resulting from hypothermia. Experimen- 
tal hypothermia in dogs causes a period of increasing 
cardiac contractility (average maximum increase in con- 
tractile force of 101 percent at 27.8°C). In some dogs, 
this was followed by a fall in contractility (observed in 
33 percent of the animals but only at < 20° C); 
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ventricular fibrillation (in 50 percent of dogs, all at 
< 23.5° C); hypotension (systolic and diastolic blood 
pressures fell by approximately 40 percent at 19.5° C); 
and sinus bradycardia (average heart rate, 31 bpm at 
19.5° C)." Cardiac contractility actually increased by 
26 percent at 19.5°C. 

Cardiac dysfunction may be caused by myocardial 
muscle injury due to associated abnormalities in myo- 
cardial microcirculation, aggravated by the increased 
blood viscosity that occurs with splenic contraction 
and plasma loss.® Metabolic acidosis also depresses 
myocardial function. 


CLINICAL SIGNS. The sinoatrial node is temperature 
dependent, and reduced heart rates accompany hypo- 
thermia. In humans, cardiac manifestations are often 
reversible and include sinus bradycardia and other 
arrhythmias, S-T segment changes, regional wall mo- 
tion abnormalities, and reduced ejection fraction.*? 


ELECTROCUTION 


ETIOLOGY. Accidental electrocution occurs most of- 
ten in young animals from chewing an electrical cord. 


PATHOPHYSIOLOGY. Cardiac injury can result from 
heat coagulation of myocardial protein, from disrup- 
tion of electrophysiologic activity, and by prolonged 
arrhythmia-induced hypotension and relative myocar- 
dial ischemia during resuscitation. In dogs, subendo- 
cardial and subepicardial hemorrhage has been re- 
ported.” In electrocuted humans, widespread focal 
necrosis of the myocardium, SA and AV nodes, and 
the tunica media of the small coronary arteries was 
recorded. The ECG may record sinus tachycardia, 
ventricular fibrillation, and ST and T-wave 
changes.’’* Variably reversible echocardiographic ab- 
normalitics in humans include biventricular hypo- 
kinesis and left ventricular dyskinesia.” 

Acute pulmonary edema following electrocution is 
common. It may represent a form of neurogenic pul- 
monary edema resulting from massive sympathetic ac- 
tivity, with venous and arterial constriction elevating 
pulmonary venous pressures.” Cardiac dysfunction 
may contribute to its development.” 


CLINICAL SIGNS. Unconsciousness, tonic-clonic activity, 
oral burns, dyspnea (74 percent of dogs and 57 per- 
cent of cats), pulmonary edema, and emesis are re- 
ported. The mortality in dogs (n = 26) in one study 
was 39 percent, whereas none of seven cats suc- 
cumbed.”! 


THERAPY. Animals suffering electrocution require 
management of pulmonary edema and accompanying 
myocardial dysfunction and arrhythmias. Furosemide, 
oxygen, corticosteroids, mechanical ventilatory sup- 


port, inotropic support (digoxin, dobutamine, dopa- 
mine), and antiarrhythmic therapies (lidocaine and, 
ironically, electrical defibrillation) have all been em- 
ployed. 


SEPTIC SHOCK 


ETIOLOGY. Bacteremia caused by gram-negative bacte- 
ria represents the most common cause. Both gram- 
positive and gram-negative canine septic shock have 
been associated with reduced mean arterial pressure, 
increased cardiac output, reduced ejection fraction, 
reduced ventricular compliance, and ventricular dilata- 
tion.” 


PATHOPHYSIOLOGY. Septic shock produces myocardial 
depression characterized by LV dilatation, LV and RV 
functional depression and altered diastolic LV pres- 
sure-volume relationships.” Resultant cardiovascular 
derangements may be present after 1 to 4 days of 
shock. Although potentially reversible, they are im- 
portant mortality factors. 

Cardiovascular function in canine septic shock has 
received little clinical attention. However, experience 
and experimental data suggest that myocardial depres- 
sion exists with forward, but not backward, heart fail- 
ure. With coexistent heart disease, particularly the vol- 
ume-overload state of aortic regurgitation due to 
vegetative endocarditis, left-sided congestive heart fail- 
ure would likely ensue. 

In hydrated human septic shock patients, cardiac 
output is normal or elevated, but this hyperdynamic 
state falls far short of meeting the needs of organs and 
cells under the conditions of septic shock.” Ventricular 
filling pressures do not rise with normal or supernor- 
mal cardiac output because systemic vascular resistance 
falls. Therefore, signs of congestion are rare in the 
absence of other cardiac disease (e.g., vegetative endo- 
carditis). Late reductions in cardiac output are uncom- 
mon but highly correlated with death. They are associ- 
ated with pulmonary wedge pressure elevation and 
reduced RV and LV stroke work. Some patients may 
die during the hyperdynamic stage of septic shock. 

Endotoxin administered to humans and dogs pro- 
duces similar cardiovascular changes observed in septic 
shock.” It is important to note that the same sequence 
of cardiovascular changes can be produced in dogs 
given Staphylococcus aureus, a microorganism without 
endotoxin, suggesting that cardiovascular injury dur- 
ing septic shock has a final common pathway (Fig. 
33-8).° The cardiovascular effects of various known 
mediators of sepsis have been established in dogs and 
humans” (chapters 14, 15). Tumor necrosis factor re- 
leased during septic shock may be an important myo- 
cardial depressant factor. It has been shown to have 
significant in vitro negative inotropic effects, whereas 


———— | 


CARDIAC MANIFESTATIONS OF SYSTEMIC AND METABOLIC DISEASE 775 


Nidus of Infection 
(Abscess, peritonitis, pneumonitis, cellulitis, etc.) 


Bloodstream Invasion or 
Local Production and Release 
of Mediator 


Mediators Released 


e Complement Derived e Myocardial Depressant Substance 
Anaphylotoxins (C5a, C3a) (MDS) 
e Kinins è Tumor Necrosis Factor (TNF) 


è Eicosanoids (Prostaglandins, (Cachectin) i 
Leukotrienes, and Thromboxane) © Endotoxin (Lipopolysaccharide or 


e Platelet Activating Factor LPS) 
(PAF) è Interleukin-1 or Interieukin-2 


© -Endorphins 
@ Other Lymphokines or monokines 


SS 


Direct Myocardial Effects 


è Histamine 


Peripheral and Pulmonary 
Vascular Effects 


1. Decreased LV ejection fraction 

2. LV dilatation 

3. Abnormal ventricular compliance 
(Volume Pressure) 


Vasodilation of both arteriolar and 
venular vessels. 

. Vasoconstriction 

. Leukocyte (largely neutrophil) 
aggregation due to C5a. Causes 
microembolization. 


. Vascular endothelial cell 
dysfunction. 


“Cardiovascular Insufficiency” 


® Lactic acidemia 
® Increased mixed venous O, 


è Maldistribution of blood flow 
(patchy, uneven flow) 
è Reduced resistance to blood flow 


Severe Severe Severe 


Decrease Myocardial Multiple 
in Systemic Depression Organ System 
Vascular (10%) Dysfunction 
Resistance (50%) 


(40%) 
A Multiple Organ 
Unresponsive Hypotension System Failure 


A schematic representation of the pathogenesis of human septic 
shock. (Reprinted with permission from Parker MM, Parillo JE: 
Septic shock. JAMA 250:3325, 1983.) 


FIGURE 33-8 


the interleukins and endotoxin do not. The role of 
myocardial depressant factor (MDF) has been estab- 
lished and pathophysiologic mechanisms postulated 
(Fig. 33-8).°° Nearly half of septic shock patients have 
circulating MDF that is correlated with higher pulmo- 
nary artery wedge pressure, end-diastolic volume, and 
mortality; and with ventricular dysfunction. Activated 
complement component Ca reduces systemic vascular 
resistance but not myocardial function.” 

Lastly, reduced myocardial B-receptor numbers and 
blunted B-agonist responsiveness have been observed 
in experimental animals and septic humans, respec- 
tively.” Elevated plasma catecholamine concentrations 
with B-receptor down regulation and/or direct antago- 


nism of B-adrenergic receptors by endotoxin are 
thought to contribute to impaired responsiveness to 
endogenous catecholamines and, hence, myocardial 
depression. 


CLINICAL SIGNS. Myocardial depression, ventricular di- 
latation, and arrhythmias are recognized in human 
and canine septic shock (see also Table 15-3). 


THERAPY. Eradicating the source of sepsis with cardio- 
vascular supportive measures constitutes the initial 
therapy. Shock doses of glucocorticoids (dexametha- 
sone sodium phosphate, 4 mg/kg IV), appropriate 
antibiotics, and fluid therapy (crystalloids or colloids 
early in septic shock) are all indicated (see Table 15- 
4). Pressor agents may be necessary in cases that de- 
velop profound hypotension unresponsive to fluid 
therapy. Digoxin, dobutamine, and dopamine have 
been shown to be effective for inotropic support (see 
Figure 15-1). Prevention or correction of disseminated 
intravascular coagulation (DIC), oxygen therapy, and 
management of multiple organ system failure may all 
be indicated (chapters 14, 15). 


IMMUNE-MEDIATED AND 
IMMUNODEFICIENCY DISEASES 


Cardiovascular manifestations may accompany these 
disorders, as described in this section. Therapy, when 
indicated, is directed at treating serious arrhythmias 
(chapters 17, 18, 19) or heart failure (chapter 12). 


SYSTEMIC LUPUS ERYTHEMATOSUS 


This disease is well recognized in dogs, with females 
disproportionately affected. 


PATHOPHYSIOLOGY. A clear or sanguineous protein- 
aceous effusion is associated with histologic lesions of 
fibrinoid degeneration, edema, and necrosis of peri- 
cardial connective tissue. Myocarditis, present in 40 
percent of SLE patients, consists of fibrinoid necrosis 
of connective tissue and vessels, but rarely cardiac myo- 
cytes.” Endocardial lesions may occur. Verrucous valvu- 
lar lesions (Libman-Sacks endocarditis) consist of de- 
generating valve tissue and fibrosis, but they are rarely 
severe enough to produce valvular insufficiency. 


CLINICAL SIGNS. Signs are associated with antigen-anti- 
body complexes and usually relate to thrombocyto- 
penia, glomerulonephritis, immune complex joint dis- 
ease, autoimmune hemolytic anemia, polymyositis, 
polyneuritis, and dermatitis. Myocarditis and pneumo- 
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nitis are less common.” Pericarditis is the most com- 
mon cardiac affliction in humans, reported in up to 75 
percent of systemic lupus erythematosus (SLE) autopsy 
cases. Physical examination findings include heart 
murmurs (due to valvular insufficiency and anemia) 
and cardiac gallop rhythms; muffled heart sounds or 
pericardial friction rubs; hypertension secondary to 
renal disease; and, occasionally, heart failure.** 1 Both 
systolic and diastolic dysfunction, as well as increased 
myocardial mass, have been associated with systemic 
SLE.'*' Pericarditis or pericardial effusion (39 per- 
cent), hypertension (22 percent), myocarditis (14 per- 
cent), congestive heart failure (10 percent), pulmo- 
nary hypertension (9 percent), and valvular heart 
disease (9 percent) were all noted.'” 

Compared with lesions in human SLE, little atten- 
tion has been paid to the hearts of SLE-affected dogs. 
Reviews of reported canine and feline pericardial dis- 
eases reveal no mention of SLE or immune-mediated 
causes," ®© although feline infectious peritonitis—with 
immune-mediated vasculitis as the underlying lesion— 
was the most common cause of pericardial disease in 
66 cats. One report of 30 SLE dogs describes ventricu- 
lar arrhythmias in 2 and heart failure in 1 dog, al- 
though cardiac disorders were not confirmed by nec- 
ropsy or echocardiography, and 2 of the dogs were 
breeds prone to dilated cardiomyopathy.* However, 
an antinuclear antibody (ANA)-positive, female Great 
Dane with ventricular tachycardia was reported to re- 
spond to steroid therapy, suggesting myocarditis, and 
an ANA-positive, 4-year-old female dachshund without 
a murmur died of heart failure.” Both dogs had other 
manifestations of SLE. 


AMYLOIDOSIS 


Certain types of amyloidosis are associated with myo- 
cardial infiltration and heart failure in humans.'® Car- 
diac manifestations most commonly involve systolic 
dysfunction and failure. Some patients suffer from dia- 
stolic failure (restrictive cardiomyopathy), orthostatic 
hypotension, or ECG abnormalities.” Companion ani- 
mals are relatively frequently afflicted with amyloidosis. 
Renal failure is the most common manifestation. Dogs 
and cats produce mainly reactive amyloid. Cardiac in- 
filtration is not generally reported in dogs. Felines 
with amyloidosis may have mild-to-moderate cardiac 
amyloid deposition, but adverse clinical effects are not 
reported.' 


IMMUNODEFICIENCY SYNDROMES 


Dilated cardiomyopathy and heart failure have been 
described secondary to human acquired immunodefi- 
ciency syndrome (AIDS).' Systolic myocardial and 


congestive heart failure were documented with pericar- 
dial effusion and arrhythmias. However, although 
heart lesions have been described in cats infected with 
feline lentivirus (feline immunodeficiency virus), car- 
diac dysfunction and failure are not clinically signifi- 
cant manifestations.” 


OBESITY 


ETIOLOGY. Morbid obesity is present in 34 million 
adult Americans?’ and 20 to 44 percent of dogs in 
developed countries.’ In humans, obesity is associated 
with an increased incidence of hypertension, but ath- 
erosclerosis is not a consistent association.”’ Little in- 
formation is available regarding the cardiovascular ef- 
fects of obesity in companion animals. A British study 
of more than 8000 dogs showed that gross obesity was 
associated with an increased incidence of cardiovascu- 
lar disorders, whereas moderate obesity was not. ° 


PATHOPHYSIOLOGY. Cardiac changes are related pri- 
marily to volume overloading, with resultant eccentric 
hypertrophy and, ultimately, myocardial failure (‘‘car- 
diomyopathy of overload”). An increase in blood vol- 
ume proportional to the degree of obesity results in 
increased stroke volume. Ventricular filling pressures 
are normal at rest but rise dramatically with exercise. 
There is also an increased susceptibility to arrhyth- 
mias.” Hypertension adds an abnormally high 
afterload, further overloading the heart. Cor pulmo- 
nale (‘‘pickwickian syndrome”) is evident with the obe- 
sity-hypoventilation syndrome (i.e., obesity results in 
hypoventilation, causing alveolar hypoxia, pulmonary 
vasoconstriction, and pulmonary hypertension’) (see 
Fig. 33-2). Cor pulmonale is recognized in obese dogs 
with chronic obstructive pulmonary disease (COPD).* 
It is not clear whether obesity precipitates respiratory 
disease, which induces cor pulmonale, or whether obe- 
sity is primarily responsible for cardiac impairment. 
Most likely, obesity plays a role in aggravating or caus- 
ing COPD, as well as inducing hypoventilation, each 
contributing to the development of cor pulmonale. 


CLINICAL SIGNS. Historical and physical examination 
findings relate largely to chronic respiratory diseases 
and possibly cor pulmonale. Right heart enlargement 
may be evident radiographically, often reflected by 
ECG changes in dogs as P pulmonale (see Figure 
6-14). Hypertension and arrhythmias can occur. 


THERAPY. Weight reduction is beneficial in reversing 
volume overloading, hypertension, and hypertrophy, 
even after the onset of failure.” 


CARDIAC MANIFESTATIONS OF SYSTEMIC AND METABOLIC DISEASE 777 


NUTRITIONAL ABNORMALITIES 


ETIOLOGY. Malnutrition complicates a variety of de- 
generative, neoplastic, and infectious diseases. Cardiac 
cachexia is a well-recognized phenomenon, frequently 
found in animals in heart failure (chapter 32). 


PATHOPHYSIOLOGY. Consequences of malnutrition in- 
clude fluid and electrolyte imbalances and generalized 
protein wasting, from which the heart is not spared. 
Cardiac manifestations include reduction in cardiac 
output, contractility, compliance, systolic pressure, and 
pulse pressure; cardiac atrophy with myofiber atrophy 
and interstitial edema; and increased sensitivity to car- 
diac glycosides.” 

Specific nutritional deficiencies have been shown to 
cause or contribute to cardiac dysfunction in humans 
and animals (chapters 27, 28, 32). One prominent 
example is reversible dilated cardiomyopathy associ- 
ated with inadequate dietary taurine.’’”"''!® Dilated car- 
diomyopathy in dogs has been associated with subnor- 
mal plasma and myocardial carnitine concentrations 
(chapters 27, 32).° Selenium deficiency produces hu- 
man dilated cardiomyopathy (Keshan disease) in sele- 
nium-deficient areas in China but rarely in the United 
States.''' A comparison of plasma selenium concentra- 
tion in healthy cats and a limited number of cats with 
various types of cardiac disease showed no significant 
difference.''? Severe thiamine deficiency (beriberi) 
produces a high-output form of cardiomyopathy, char- 
acterized by fulminant biventricular failure, murmur, 
and gallop.” 


PREGNANCY 


Normal human pregnancy is associated with in- 
creases in blood volume (40 to 50 percent increase), 
cardiac output (30 to 50 percent), stroke volume, heart 
rate, and velocity of circumferential fiber shortening; 
also, reductions in systemic blood pressure, systemic 
vascular resistance, and peripheral vascular resistance. 
Cardiac murmurs, probably related to reduction in 
packed cell volume and volume overload, are detected. 
The ECG may reveal an increased heart rate, arrhyth- 
mias, rate-related Q-T and P-R interval reduction, and 
changes in T wave and S-F segment.'’? Hypertension 
and peripartum cardiomyopathy may accompany hu- 
man pregnancy.''* | The importance of this syndrome 
in companion animals has not been demonstrated. 


OTHER DISORDERS 


Numerous other systemic and metabolic diseases can 
affect the heart and precipitate or contribute to heart 


failure. Tumors metastatic to the heart or great vessels 
may alter cardiac preload (restricting filling by venous 
or intracardiac obstruction, pericardial infiltration, or 
effusion), reduce systolic function (myocardial infil- 
tration), or affect the hematopoietic system, as de- 
scribed earlier. Infectious diseases may also produce 
heart failure or other cardiac dysfunction. Trypanoso- 
miasis, toxoplasmosis, borreliosis, feline infectious 
peritonitis, Rocky Mountain spotted fever, and parvovi- 
rus infection are examples of infectious diseases associ- 
ated with cardiac manifestations in pets.''® Toxins capa- 
ble of producing cardiac disease and potential failure 
include alcohol, gossypol, doxorubicin, heavy metals, 
phenothiazines, hydrocarbons, catecholamines, arach- 
nid stings, snake bites, pesticides, biotoxins, and oth- 
ers.”® 1. 117 Gossypol intoxication has been associated 
with heart failure in two dogs who died after consum- 
ing meal containing gossypol cottonseed.''* Lesions 
included right-sided heart failure (ascites), diminished 
LV function, ECG changes (biventricular and left atrial 
enlargement; idioventricular rhythm, and/or QT pro- 
longation); and myocyte degeneration, with intra- and 
intercellular edema and minimal inflammation. 
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and Other High 
Output States 
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CARDIAC RESPONSE IN HYPERMETABOLIC 
AND HYPERKINETIC STATES 


Cardiac output may be increased by systemic and metabolic conditions 
that chronically elevate venous return. These include disorders that lower 
peripheral vascular resistance owing to increased tissue metabolism and 
oxygen demand (fever, thyrotoxicosis, or pregnancy), or that result in hyper- 
kinetic states (anemia, systemic arteriovenous fistulas) .'* Cardiac output, the 
quantity of blood pumped by the heart through the systemic circulation per 
unit of time, is determined by the product of stroke volume and heart rate. 
Stroke volume is influenced by venous return (preload), afterload, and 
myocardial contractility (chapters 3, 11). 

High-output heart failure represents a condition in which cardiac output is 
markedly elevated before the development of heart failure and remains high 
afterward. The normal heart is capable of compensating for increased car- 
diac output on a long-term basis by cardiac dilation (in response to a larger 
blood volume) and hypertrophy.' ? However, congestive heart failure may 
result when abnormal metabolic conditions or hyperkinetic states are im- 
posed on a heart that has already developed intrinsic myocardial dysfunction. 
In veterinary medicine, the most common condition leading to high-output 
heart failure is feline hyperthyroidism. Less common causes include anemia 
and arteriovenous shunts. 

Cardiovascular adaptation to an abnormal workload depends on the state 
of myocardial function and the magnitude of systemic burden. Moreover, 
the quicker the high-output state develops, the more likely it is that heart 
failure will ensue.’ 


HYPERTHYROIDISM 


Hyperthyroidism (thyrotoxicosis) is a multisystem disorder resulting from 
excessive circulating serum concentrations of thyroxine (T,) and triiodothy- 
ronine (T3). Naturally occurring hyperthyroidism is the most commonly 
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diagnosed endocrinopathy of cats, although it is rare 
in dogs.* Functional thyroid adenomatous hyperplasia 
(or adenoma) involving one or both thyroid lobes is 
the most common etiology; thyroid carcinoma is rare 
in cats but is generally the etiology in dogs.” The 
prevalence of feline hyperthyroidism at The Animal 
Medical Center is approximately 1 to 2 percent of all 
cats examined. 

Excessive circulating thyroid hormone may cause 
reversible cardiomyopathy in an otherwise healthy 
heart®*” or cause compensated heart failure to become 
decompensated.' * Hyperthyroidism should always be 
considered in any cat 6 years of age or older that 
exhibits clinical evidence of cardiac disease. 


PATHOPHYSIOLOGY 


Hyperthyroidism causes multiple physiologic de- 
rangements. It increases metabolic rate and tissue oxy- 
gen consumption and decreases peripheral vascular 
resistance. Compensatory cardiac remodeling results 
from changes in myocardial protein synthesis and deg- 
radation that favor hypertrophy. Direct actions of thy- 
roid hormones on the heart muscle (directly influenc- 
ing expression of myosin heavy chain genes), as well 
as T, and T; interactions with the sympathetic nervous 
system, stimulate cardiac hypertrophy and increase 
plasma volume and systemic blood pressure, cardiac 
output, cardiac filling pressures, heart rate, and 
contractility.’ 9-13 

The most important factors in the development of 
heart failure are the chronicity and rate of develop- 
ment of the thyrotoxic state and the presence and 
severity of underlying cardiac disease.® ° In long-stand- 
ing cases, the increase in cardiac work may augment 
cardiac hypertrophy or precipitate congestive heart 
failure.**:'*!” In humans, left ventricular ejection frac- 
tion has been shown to be elevated at rest but impaired 
during exercise." 


DIAGNOSIS 


SIGNALMENT AND HISTORY 


Hyperthyroidism occurs in middle-aged to old cats. 
The reported range is 4 to 22 years (median age, 
approximately 13 years). In general, hyperthyroidism 
is uncommon in cats less than 6 years of age. There is 
no breed or sex predilection.*” 18 

Because of the multisystemic effects of hyperthy- 
roidism, most affected cats have clinical signs attrib- 
utable to many organ systems. The most common 
abnormalities include weight loss, polyphagia, vom- 
iting, polyuria, polydipsia, and increased activity 
(Fig. 34-1).+7- 18 Approximately 5 percent of affected 
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FIGURE 34-1 


A comparison of the most common clinical signs recorded from 
two different populations of hyperthyroid cats studied 
approximately 10 years apart. Chi square analysis applied to the 
comparative percentages indicated that the clinical signs of 
anorexia, polypnea, diarrhea, polyuria/polydypsia (PU/PD), 
hyperactivity, and polyphagia were significantly less common in the 
1993 vs. 1983 populations (P < .001). 


cats display a syndrome similar to apathetic hyperthy- 
roidism in humans, characterized by profound de- 
pression, weakness, and anorexia.‘ 7 


PHYSICAL EXAMINATION FINDINGS 


Most affected cats exhibit progressive weight loss 
and hyperactivity. They can be difficult to handle and 
become easily tachypneic and dyspneic when stressed. 
Some have unkempt hair coats with excessive shedding 
and matting. Since feline thyroid lobes are loosely 
attached to the trachea, enlarged lobes frequently can 
be palpated as they descend ventrally from their nor- 
mal location adjacent to the larynx.* > '8 When thyroid 
glands are not palpable, affected lobe(s) may have 
descended into the thoracic cavity.'® 

In a series of 202 hyperthyroid cats, thoracic auscul- 
tation revealed soft-to-moderate systolic murmurs of 
mitral and tricuspid regurgitation (54%), tachycardia 
(42%), and gallop rhythms (15%).'* Cats with decom- 
pensated heart failure may be dyspneic, have abnormal 
respiratory crackles if pulmonary edema is present, 
have muffled heart and lung sounds if pleural effusion 
has occurred, or have palpable femoral arterial pulse 
deficits. A hyperkinetic, rapid femoral arterial pulse 
and a prominent left apical precordial beat are gener- 
ally detectable. 


ELECTROCARDIOGRAPHY 


A wide variety of electrocardiographic (ECG) 
changes have been described with feline hyperthyroid- 
ism.* 7 118 2°°6 Descriptive characteristics of the P- 
QRS-T complex in feline hyperthyroidism are listed in 
Table 34-1. The frequency of ECG abnormalities in 
119 hyperthyroid cats indicated sinus tachycardia 
(heart rate = 240 beats/min) in 38 percent, increased 
R-wave amplitude in lead H (= 0.9 mV) in 8 percent, 
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by reduced myocardial contractility, marked ventricu- 
lar dilation, and congestive heart failure. 


CLINICAL PATHOLOGY 


Screening laboratory tests, including a complete 
blood count, serum biochemical profile, and urinalysis, 
should be performed on all cats suspected of having 
hyperthyroidism. This data base assists the diagnosis and 
may reveal other disorders. Mature leukocytosis, eosino- 
penia (stress response), and increased packed cell vol- 
ume occur commonly. From a series of 202 hyperthyroid 
cats, there was elevated serum alanine aminotransfer- 
ase (83%), aspartate aminotransferase (43%), alkaline 
phosphatase (58%), and lactic dehydrogenase (58%).'8 


FIGURE 34-3 


Lead II electrocardiograms of a 
14-year-old domestic shorthair 
cat. (A) ECG recorded 24 hours 
post bilateral thyroidectomy 
during a hypocalcemic crisis 
(Ca++, 2.8 mg/dl). The Q-T 
interval is abnormally prolonged 
(220 msec); R wave height is 1.2 
mV, indicating left ventricular 
enlargement. (B) ECG recorded 
after medical therapy corrected 
the serum calcium deficit. The 
Q-T interval is normal (170 mV). 
Paper speed, 50 mm/sec; 1 cm 
= 1 mV. 


These abnormalities generally normalize soon after 
successful treatment of hyperthyroidism. 


THYROID FUNCTION TESTS. Baseline serum T; and T, 
concentrations are elevated above the reference range 
in most cats with hyperthyroidism.* ” *° Determination 
of serum T; is of greatest diagnostic value. Approxi- 
mately 25 percent of cats with elevated serum T; con- 
centrations have serum T, concentrations within the 
reference range.” '* 

A small number of hyperthyroid cats have serum Ts 
and T, concentrations that are within the normal to 
high-normal range. This clinical condition, termed oc- 
cult hyperthyroidism, is reported in from 2 to 10 per- 
cent of hyperthyroid cats.'® '% * Possible explanations 


FIGURE 34-4 


Ventrodorsal radiographs of an 
adult domestic shorthair cat with 
a unilateral thyroid gland 
adenoma. (A) Pretreatment 
radiograph shows biatrial and left 
ventricular enlargement. (B) One 
month after thyroidectomy, 
cardiomegaly is notably reduced. 


include (1) suppression of high serum T, and T; con- 
centrations into the normal range because of concur- 
rent nonthyroidal illness,” and (2) fluctuation of T, 
and T, in and out of the normal range.” When one 
suspects mild hyperthyroidism but the serum T, con- 
centration is not high, the first step is to rule out 
nonthyroidal illness and repeat the-basal T, measure- 
ment in 1 to 2 weeks. If the result is again in the 
normal to high-normal range, provocative testing with 
a T; suppression test or thyrotropin-releasing hormone 
(TRH) stimulation test is recommended.** *° Alterna- 
tively, determination of basal free T, concentrations 
(i.e., that portion of T, not bound to plasma proteins) 
may be helpful in diagnosis of occult hyperthyroidism. 
This is because most cats with high-normal total T, 
concentrations will have high serum-free T; levels.” 


RADIONUCLIDE THYROID IMAGING 


Thyroid imaging (scanning) delineates functioning 
thyroid tissue and is a useful adjunct for diagnosing 
hyperthyroidism: (1) It determines the extent of thy- 
roid gland involvement and detects possible metastatic 
or ectopic thyroid tissue; (2) it determines whether 
one or both thyroid lobes are involved and aids in 
surgical planning; (3) it will identify and localize a 
thyroid lobe that has descended into the thoracic cav- 
ity, which cannot be palpated; and (4) it detects metas- 
tasis of a functional thyroid adenocarcinoma (Fig. 
34-5).* °° Pertechnetate (°™Tc) is the radionuclide of 
choice because of more rapid uptake and a shorter 
half-life. 


EPIDEMIOLOGIC CHANGES IN FELINE 
HYPERTHYROIDISM 


The current prevalence and severity of thyrotoxic 
cardiovascular manifestations appear to be lower than 
reported in the earlier literature. When populations of 
hyperthyroid cats studied 10 years apart were con- 
trasted (i.e., 202 cats examined from 1992 to 1993 
compared with 131 cats diagnosed from 1979 to 1983), 
changes in clinical abnormalities were recorded. The 
prevalence of sinus tachycardia and high R-wave volt- 
age (lead II) was lower in the 1993 population than 
the 1983 population. Regarding radiographic changes, 
no significant differences were recorded between pop- 
ulations in the number of cats with radiographic mild, 
moderate, or severe cardiomegaly. However, the per- 
centage of cats in which radiographs were deemed 
clinically necessary was 20 percent of the 1993 popula- 
tion compared with 62 percent in 1983. Moreover, 
radiographic evidence of congestive heart failure was 
significantly less (8%) in the 1993 population com- 
pared with hyperthyroid cats studied in 1983 (29%). 
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FIGURE 34-5 


Sodium pertechnetate thyroid scans of (A) a clinically normal cat, 
(B) a hyperthyroid cat with adenoma (adenomatous hyperplasia) 
of one thyroid lobe, and (C) a hyperthyroid cat with bilateral 
thyroid gland adenomas. (A) Both thyroid lobes are symmetric in 
position and size, with uniform distribution of radioactivity 
throughout the gland. (B) The adenomatous gland is greatly 
enlarged and descends toward the thoracic inlet; the uninvolved 
right lobe is not visualized. (C) Both lobes are abnormally 
enlarged and approximately similar in size and position. (From 
Peterson ME, Kintzer PP, Cavanagh PG, et al: Feline 
hyperthyroidism: Pretreatment clinical and laboratory evaluation of 
131 cases. J Am Vet Med Assoc 183:103, 1983.) 


In addition, the prevalence of many associated clinical 
signs, physical examination findings, and laboratory 
abnormalities has decreased significantly when com- 
paring populations (see Fig. 34-1)."* 7° This is un- 
doubtedly due to earlier recognition and therapy. 


THERAPY OF HYPERTHYROIDISM 


Feline hyperthyroidism can be treated by three dif- 
ferent methods: (1) chronic oral administration of an 
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antithyroid drug, (2) surgical thyroidectomy of the 
affected lobe or lobes, or (3) radioactive iodine ('*'I). 
Each has advantages and disadvantages, and several 
factors must be weighed in choosing the most appro- 
priate therapy. Coexisting cardiovascular disease or 
other major disorders (e.g., renal failure) may influ- 
ence the selected therapy, as do the availability of 
an experienced surgeon, a referral center for nuclear 
imaging and treatment, and the owner’s desire to fol- 
low a certain therapeutic or economic course of ther- 
apy. Only thyroidectomy or radioactive iodine is 
curative.* °! 


TREATMENT OF CONGESTIVE HEART FAILURE 
OR TACHYRHYTHMIA 


Long-standing thyrotoxicosis causes cardiovascular 
changes, most notably a reversible, secondary hypertro- 
phic cardiomyopathy. Heart failure associated with 
hyperthyroidism may be manifested as pulmonary 
edema, pleural effusion, biventricular failure, or ar- 
rhythmias. 

Therapy is individualized based upon the presence 
and severity of secondary heart disease. Treatment to 
re-establish the euthyroid state promptly may signifi- 
cantly reduce, if not eliminate, heart failure and associ- 
ated arrhythmias. Methimazole is usually chosen (5 to 
15 mg divided bid to tid) as the first antithyroid drug 
of choice. Therapeutic thoracocentesis may be re- 
quired if pleural effusion and associated dyspnea are 
severe. If pulmonary edema or effusion is present, 
furosemide should be administered (1 mg/kg bid to 
tid initially, then sid to bid). Generally, resolution of 
extracardiac signs (edema, effusion, and tachycardia) 
occurs within 2 to 7 days after methimazole and furose- 
mide therapy is initiated. Beta-adrenergic receptor 
blocking drugs (propranolol, 2.5 to 5 mg bid to tid; 
atenolol, 6.25 mg sid) are administered only if severe 
tachyarrhythmias contribute to the heart failure state, 
but they are not otherwise given. If systolic dysfunction 
(myocardial failure) is revealed by echocardiography, 
B-blocking drugs are not given due to their negative 
inotropic effects. Very occasionally, digoxin may be 
useful (0.031 mg every 24 to 48 hours) for treatment 
of severe right-sided heart failure, myocardial failure, 
or atrial tachycardia, but it is not indicated in routine 
heart failure management.* !*: 2! 

Once heart failure is controlled, definitive treatment 
of hyperthyroidism by surgical thyroidectomy or radio- 
active iodine therapy is performed. Cats that are un- 
able to undergo surgery or radiotherapy may be main- 
tained indefinitely on antithyroid drugs with periodic 
monitoring. Furosemide and other cardiac drugs ad- 
ministered for congestive heart failure are usually dis- 
continued after hyperthyroidism is resolved.‘ 


CHRONIC ORAL ANTITHYROID DRUGS 


Methimazole (Tapazole) and propylthiouracil (PTU) 
are the two thionamide antithyroid drugs available 
in the United States. They lower serum T, and T; 
concentrations by inhibiting thyroid hormone synthe- 
sis without destroying thyroid tissue. 

Long-term antithyroid drug treatment avoids the 
potential complication of hypothyroidism and postsur- 
gical hypoparathyroidism. In addition, antithyroid 
drug therapy requires no advanced skills, training, or 
special licensing and is a practical treatment choice 
for most practitioners. Some systemic side effects are 
possible, however, and certain clients cannot tolerate 
long-term medication. 


PROPYLTHIOURACIL (PTU). Although both methimazole 
and PTU are effective in decreasing serum thyroid 
hormone concentrations, PTU produces a high inci- 
dence of side effects, which include anorexia, vom- 
iting, lethargy, immune-mediated hemolytic anemia, 
thrombocytopenia, and the development of serum an- 
tinuclear antibodies.” Because of the prevalence of 
severe hematologic complications, the routine use of 
PTU for control of feline hyperthyroidism is no longer 
recommended. 


METHIMAZOLE. Methimazole is better tolerated and 
safer than PTU in the cat. It is the antithyroid drug of 
choice for both the preoperative and long-term medi- 
cal management of feline hyperthyroidism. Clinical 
side effects are relatively common (approximately 
15%) but mild and include anorexia, vomiting, and 
lethargy.” In most cats they are transient and resolve 
despite continued drug administration. Severe side ef- 
fects necessitating discontinuation of therapy are un- 
common but include intractable vomiting, diarrhea, 
anorexia, facial pruritus, hepatotoxicity, and hemato- 
logic abnormalities. The latter include thrombocyto- 
penia, agranulocytosis, and hemolytic anemia. Alterna- 
tive therapy with either surgery or radioiodine should 
be considered when severe side effects occur. 

Initially, methimazole should be administered at a 
dose of 5 to 15 mg per day given in divided doses bid 
to tid, depending on the severity of the hyperthyroid 
state. However, euthyroidism can often be maintained 
with one daily dose.* During the first 3 months of 
therapy (the period in which the most serious side ef- 
fects associated with methimazole therapy develop), the 
cat should be examined every 2 to 3 weeks to make nec- 
essary dose adjustments and monitor for adverse ef- 
fects. At each recheck, serum T, concentration and 
hemogram including platelet count should be deter- 
mined.* *8 

If little or no decrease in the serum T, concentration 
occurs during this initial treatment period, and failure 
to administer the medication properly has been ex- 
cluded as the cause of persistent hyperthyroidism, the 


daily methimazole dosage should be gradually in- 
creased by 2.5- to 5-mg increments. A few cats appear 
to be relatively resistant to the drug, requiring doses 
of up to 25 to 30 mg on a daily basis. In cats receiving 
long-term methimazole treatment, the goal is to main- 
tain serum T, values within the low-normal range using 
the lowest possible daily dosage, since some side effects 
develop less frequently at lower doses. If serum T, 
concentrations fall excessively, the daily dosage should 
be decreased by 2.5- to 5-mg increments. Further blood 
testing should be continued at 2- to 3-week intervals 
until the lowest daily dose that will effectively maintain 
serum T, concentrations within the low-normal range 
is attained.* * 


CARBIMAZOLE. Methimazole is currently unavailable 
in Western Europe and other countries, and the only 
alternative to PTU is carbimazole. Carbimazole, a car- 
bethoxy derivative of methimazole, is rapidly converted 
in vivo to methimazole. Average starting doses of carbi- 
mazole are similar to those of methimazole. However, 
strict adherence to an 8-hour dosing interval appears 
to be necessary with carbimazole. Adverse reactions 
are similar to those of methimazole, although the inci- 
dence appears to be less.* ** 


CALCIUM OR SODIUM IPODATE. Based upon preliminary 
data, this agent lowers serum T; concentrations, blood 
pressure, and heart rate in hyperthyroid cats. The dose 
of 50 mg bid orally appears to be clinically effective 
for short-term management of mild-to-moderate hy- 
perthyroidism.** 


BETA-ADRENERGIC BLOCKING DRUGS. These agents have 
been used as adjunctive treatment in combination with 
antithyroid drugs, or alone as a preoperative treatment 
in hyperthyroid cats that can not tolerate antithyroid 
drugs. Although propranolol (Inderal, Wyeth-Ayerst) 
and atenolol (Tenormin, ICI Pharma) do not lower 
serum thyroid hormone concentrations, both agents 
block some of the cardiovascular and neuromuscular 
effects of excess thyroid hormone and may temporarily 
control related tachycardia, hypertension, or hyperex- 
citability.* 

Beta-adrenergic blocking drugs are not advocated 
for routine therapy of hyperthyroidism. They are re- 
served for cats with serious tachyarrhythmias, severe 
systemic hypertension, or when antithyroid drugs 
(methimazole, carbimazole) cannot be tolerated. They 
should be used with caution if congestive heart failure 
is present due their negative inotropic effects. Propran- 
olol is administered at a dosage of 2.5 to 5.0 mg bid 
to tid, or as required to decrease resting heart rate to 
normal, reduce hyperexcitability, or control systemic 
hypertension. Atenolol, a {,(cardioselective )-adrener- 
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gic blocker, may have an advantage over propranolol 
because of its dosage regimen (6.25 mg once daily), 
which appears to be effective in most cats.”® *° 


SURGICAL THYROIDECTOMY 


Surgical thyroidectomy can be highly effective in 
treatment of feline hyperthyroidism, although it can 
be associated with significant morbidity and mortality 
(Fig. 34-6) .4 3741 


PREOPERATIVE CONSIDERATIONS. Prior to surgery, the 
cat should be made euthyroid by administration of 
methimazole antithyroid drug therapy and maintained 
on this medication for 1 or 2 weeks. Most systemic 
complications associated with hyperthyroidism will 
have improved or resolved in this period. This reduces 
anesthetic risks associated with thyrotoxic arrhythmias 
or heart failure.* ** 


SURGICAL TECHNIQUES. Many techniques for unilateral 
and bilateral thyroidectomy have been reported.*** *! 
Both intracapsular and extracapsular methods have 
been designed to excise thyroid tissue while preserving 
parathyroid function. The goal of all techniques is to 
remove all abnormal thyroid tissue and preserve the 
function of at least one parathyroid gland. 


INTRACAPSULAR TECHNIQUE. The thyroid parenchyma is 
dissected from the capsule. The external parathyroid 
gland and its vasculature are preserved, along with the 
thyroid capsule, thus reducing the chance of hypopara- 
thyroidism. However, if small remnants of thyroid tis- 
sue remain attached to the capsule, recurrent hyper- 
thyroidism can occur. 


EXTRACAPSULAR TECHNIQUE. The thyroid gland is re- 
moved along with its capsule, leaving only the parathy- 
roid glands. The incidence of postoperative hypopara- 
thyroidism can be high with this technique, since 
parathyroid tissue may be removed or its blood supply 
destroyed. 


MODIFIED EXTRACAPSULAR TECHNIQUE. The thyroid cap- 
sule immediately adjacent to the external parathyroid 
gland is incised and left attached to the parathyroid to 
preserve its blood supply. This technique results in a 
relatively low incidence of severe hypoparathyroidism, 


as well as a low incidence of recurrent hyperthyroid- 
ism.37-39: 41 


POSTOPERATIVE COMPLICATIONS 


Many complications accompany thyroidectomy, includ- 
ing hypoparathyroidism, hypothyroidism, Horner’s syn- 
drome, renal failure, and laryngeal paralysis (most com- 
monly presenting as dysphonia). 
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HYPOCALCEMIA. This is the most serious side effect 
and may develop as a result of injury, devasculariza- 
tion, or inadvertent surgical removal of the parathy- 
roid glands.*” *— Since only one parathyroid gland is 


FIGURE 34-6 


Modified extracapsular thyroidectomy technique. (A) A ventral 
midline incision is made, and sternohyoideus and sternothyroideus 
muscles are retracted. Bilateral thyroid adenomas are revealed. 
Using bipolar cautery forceps, the thyroid capsule is cauterized at a 
distance of 2 mm from the edge of the parathyroid gland. (B) Iris 
scissors are used to cut through the center of cauterized tissue. (C) 
Using a cotton tipped swab, the thyroid parenchyma is bluntly 
dissected from the external parathyroid. (From Peterson ME, 
Randolph JF, Mooney CT: Endocrine diseases. Jn Sherding RG 
[ed]: The Cat. Diseases and Clinical Management. 2nd ed. New 
York, Churchill Livingstone, 1994, p 1448.) 


required for maintenance of normocalcemia, hypo- 
parathyroidism develops only in cats treated with bilat- 
eral thyroidectomy. Clinical signs due to severe hypo- 
calcemia develop within 1 to 3 days after surgery. 


Therefore, close postoperative observation is essential 
after bilateral thyroidectomy, and serum calcium levels 
should ideally be monitored daily for several days fol- 
lowing surgery. Mild hypocalcemia (6.5 to 7.5 mg/dl) 
is common during the immediate postoperative pe- 
riod. However, therapy is generally not administered 
unless hypocalcemia is accompanied by muscle fascicu- 
lations, tremors, tetany, or convulsions. Electrocardio- 
graphic changes are classic and include Q-T interval 
prolongation (see Fig. 34-3). 

Emergency treatment of hypocalcemia consists of 
intravenous administration of 10 percent calcium glu- 
conate (0.5 to 1.5 mg/kg delivered over 10 to 20 
minutes), followed by maintenance calcium and vita- 
min D supplementation. Hypoparathyroidism may be 
permanent in some cats, but spontaneous recovery of 
parathyroid function may occur weeks to months after 
surgery, at which time therapy can be discontinued.” 


HYPOTHYROIDISM. Mild hypothyroidism occurs for 2 
to 3 months following unilateral thyroidectomy, but 
serum thyroid hormone concentrations seldom fall low 
enough to require supplementation. With bilateral thy- 
roidectomy, hypothyroidism tends to be more severe 
and may be temporary or permanent. If clinical signs 
of hypothyroidism develop (lethargy, anorexia, obesity, 
or alopecia), thyroxine should be supplemented (0.1 
to 0.2 mg/day). Discontinuation of thyroxine therapy 
can be attempted after a few months of therapy and 
monitored serum T, administration. 


RENAL FAILURE. Treatment of hyperthyroidism can re- 
sult in impaired renal function. The mean glomerular 
filtration rate in 13 cats treated for hyperthyroidism 
decreased from 2.51 to 1.40 ml/kg/min, and two cats 
developed overt renal azotemia.*? Thus, blood urea 
nitrogen (BUN) and creatinine should be monitored 
after euthyroidism has been re-established. 


RECURRENCE OF HYPERTHYROIDISM. This has been re- 
ported in 5 to 11 percent of cats after unilateral or 
bilateral thyroidectomy, occurring 8 to 63 months fol- 
lowing surgery.** *! 4 Causes include (1) adenomatous 
changes in the previously normal gland, (2) ectopic 
thyroid tumor tissue, or (3) incomplete surgical tumor 
resection, resulting in remaining thyroid neoplastic 
tissue.“ Because of the potential for recurrence, cats 
treated with surgical thyroidectomy should have serum 
T, concentrations monitored once or twice a year. 


RADIOACTIVE IODINE THERAPY 


Radioactive iodine ('*'I) is a simple, effective, safe 
method for treating feline hyperthyroidism. It is con- 
centrated in the thyroid gland and selectively destroys 
hyperplastic or neoplastic thyroid tissue. A single '*'I 
treatment will restore euthyroidism in most hyperthy- 
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roid cats. Complications of therapy are uncommon 
and may be easily managed. Cats that remain persis- 
tently hyperthyroid can successfully be retreated with 
radioiodine. Those that become hypothyroid can be 
readily supplemented with oral thyroxine (T,). The 
major disadvantages of '*'I therapy are the unavailabil- 
ity of facilities that can safely handle '*I and the pro- 
longed hospitalization that is required due to radiation 
safety regulations.* 4+ 4 


ANEMIA 


Cardiovascular response to anemia depends upon 
the rate of red blood cell mass decrease and its magni- 
tude of physiologic corrective mechanisms, and the 
level of physical and metabolic activities (i.e., oxygen 
requirements). Unless a coexisting cardiac or hyper- 
kinetic condition is present, anemia usually does not 
cause heart failure in dogs or cats. 

Under some circumstances, however, anemia can 
impose abnormal hemodynamic alterations and heart 
failure or precipitate decompensation of compensated 
heart disease. Severe generalized cardiomegaly was 
documented in a kitten with severe flea bite anemia 
(packed cell volume [PCV], 3%). Left-sided congestive 
heart failure followed whole blood transfusions but was 
controlled with furosemide. Cardiomegaly resolved by 
3 weeks post-therapy.*” Cardiovascular consequences of 
severe anemia have been recorded in rats (cardiomeg- 
aly and cardiac hypertrophy)** and humans (cardiac 
chamber dilation). 

Cardiac output is increased with anemia in dogs and 
humans.*® °° *! Experimental canine studies revealed 
that if anemia develops slowly, increased cardiac out- 
put results from tachycardia with little change in stroke 
volume. In chronic, severe anemia, heart rate may be 
normal or only minimally elevated; cardiac output is 
increased as a consequence of augmented stroke vol- 
ume (resulting from a reduction in blood viscosity 
and systemic arteriolar tone and increased preload). 
Afterload is decreased because of reduced blood viscos- 
ity and reduction in peripheral vascular resistance 
(from tissue hypoxia and vasodilator metabolites) .*® 
50,52? Vasodilation increases venous blood return (pre- 
load). Increased preload and reduced afterload 
(caused by conditions such as anemia) increase stroke 
volume and result in a high cardiac output state. Car- 
diac dilation, hypertrophy, and failure may occur.*®™ 
51.83 Hypertrophy associated with volume overload (i.e., 
eccentric hypertrophy) is characterized by addition of 
sarcomeres in series resulting in a dilated heart cham- 
ber with normal wall thickness.” In humans, a sus- 
tained increase in cardiac output occurs when the 
hematocrit falls below 25 percent (unless anemia is 
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associated with a disease that produces an increase in 
viscosity such as multiple myeloma).! 

Clinical manifestations of anemia include weakness, 
pale mucous membrane color, hyperkinetic femoral 
arterial pulses, soft systolic cardiac murmur, gallop 
rhythm, eccentric cardiac hypertrophy, generalized 
cardiomegaly, and high-output heart failure.’ * These 
changes are largely reversible with therapy. 

If congestive heart failure occurs in an anemic ani- 
mal, cage rest and furosemide are used to control 
extracardiac signs of effusion or pulmonary edema. 
Slow transfusion (over 4 hours) of packed red blood 
cells (RBC) is recommended (6 to 10 ml of undiluted 
RBCs/kg reconstituted in a minimal quantity of saline 
to facilitate the infusion).°° The pet should be reas- 
sessed every 6 hours for the next 24 hours to decide 
whether repeat transfusion is necessary. The underly- 
ing cause of anemia must be identified and corrected 
if possible. Inotropic support (dobutamine, 2 to 5 pg/ 
kg at a constant rate infusion) may be added if systolic 
(myocardial) failure is present. Vasodilators are proba- 
bly of little help, as impedance to left ventricular emp- 
tying is already reduced.’ 

Transfusion-associated circulatory overload resulting 
in pulmonary congestion has been reported in hu- 
mans.” This may occur even in a setting of modest 
transfusion volumes in humans and has occasionally 
been observed in cats. 


ARTERIOVENOUS FISTULAS 


Arteriovenous (AV) fistulas (arteriovenous malfor- 
mations) are congenital or acquired abnormal commu- 
nications between arteries and veins that bypass the 
capillary network. Acquired causes are usually iatro- 
genic or traumatic, resulting from blunt or penetrating 
trauma, but AV fistulas may also result from infiltrative 
neoplasm or infection.***! Communications of the car- 
diac chambers (e.g., ventricular septal defects) or great 
vessels (e.g., patent ductus arteriosus) may occur as a 
centrally located anomaly (chapter 24). 


PATHOPHYSIOLOGY 


Arteriovenous fistulas act to bypass normal blood 
flow (chapter 33). Initially, this reduces peripheral vas- 
cular resistance and decreases circulation to tissues 
served by the affected artery. With most peripheral 
shunts, flow to tissue distal to the shunt is maintained 
through collateral circulation, which develops by dila- 
tion of pre-existing unused arterioles. Therefore, ve- 
nous hypertension and increased venous return to the 
heart occur. Hemodynamic responses to restore arte- 
rial blood volume and perfusion include increased 


heart rate and peripheral vasoconstriction. Left ven- 
tricular stroke volume increases, and cardiac output 
may elevate as much as two to three times above nor- 
mal. The magnitude of these changes depends primar- 
ily on the size of the fistula and affected artery, and 
proximal arterial blood flow velocity. ® 

Chronic effects of AV fistulas are due to elevated 
cardiac output resulting from increased venous return 
and decreased peripheral vascular resistance. These 
changes in blood volume and cardiac output expand 
the fistulous circuit, increasing blood flow and cardiac 
preload. Congestive circulatory failure may ensue. 
Eventually, elevated venous pressure, pulmonary con- 
gestion, and edema can result. Mitral valvular insuffi- 
ciency and myocardial failure secondary to volume 
overload may develop and contribute to congestive 
heart failure. ° 


DIAGNOSIS 


PHYSICAL EXAMINATION 


Clinical history and signs vary according to location, 
size, duration, and etiology. With large peripheral AV 
fistulas, involved arteries may be dilated; venous pulsa- 
tion may be evident; and a continuous focal vascular 
murmur (bruit) and palpable thrill over the AV fistula 
area can be detected. Manual occlusion of the fistula 
often causes Branham’s sign, an abrupt slowing of the 
heart rate. Hyperthermia may be noted over the fis- 
tula, and the distal limb may be edematous, swollen, 
ischemic, and painful. There is a widened arterial 
pulse pressure due to a decrease in peripheral vascular 
resistance and rapid diastolic runoff into the venous 
circulation. Small AV fistulas of the extremities are no- 
ticed as painless, easily compressible, warm bulges.’ ™ °° 


DIAGNOSTIC IMAGING 


Angiography can be useful preoperatively to evaluate 
fistula anatomy and location and help guide surgery. 
Diagnostic ultrasound, especially color flow Doppler 
echocardiography, may be clinically useful to identify 
and localize fistulas.” Findings include identification 
of intra-arterial flow at the fistula site throughout the 
cardiac cycle; turbulent, pulsatile venous flow at the 
fistula site; and nonpulsatile venous flow proximal to 
the fistula. This may result in continuous flow imaged 
by spectral Doppler echocardiography (Fig. 34-7). The 
communication between artery and vein may some- 
times be identified. 


THERAPY 


Surgical ligation or excision of the AV fistula has 
been the treatment of choice, unless myocardial failure 


FIGURE 34-7 


Recordings from a dog with traumatic AV fistula. (A) 
Pulsed-wave Doppler recording of a large, pulsatile, 
dilated vessel associated with the right radial artery. 
Notice the continuous flow, especially in diastole. (B) 
Pulsed-Doppler flows recorded from the normal left 
radial artery in the same dog. (From Suter PF, Fox 
PR: Peripheral vascular disease. /n Ettinger SJ, 
Feldman EC: Textbook of Veterinary Internal 
Medicine. 4th ed. Philadelphia, WB Saunders, 1992, 
p 1074.) 
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or pulmonary hypertension is present. Caution must 
be observed before surgically correcting fistulas. Their 
repair may abruptly increase peripheral vascular resis- 
tance and increase myocardial stress. Diuretic adminis- 
tration may be necessary prior to surgical ligation.” 
Nonsurgical transcatheter coil occlusion has been ac- 
complished in a cat with a peripheral AV fistula, sug- 
gesting an alternate technique to surgery in selected 
cases (Fox PR, unpublished data, 1997). 
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THE EMERGING REALITIES OF 
HYPERTENSION AND DISEASE 


DEFINITION OF HYPERTENSION 


The question, “What level of elevated blood pressure (i.e., hypertension) 
should be treated?” is the subject of much debate in humans and has not 
been answered for dogs and cats. Conceptually, the level of hypertension 
requiring treatment should be that at which the benefits of therapy (minus 
risks and costs) exceed risks and costs (minus benefits) of inaction.' The 
answer to the corollary question, “To what level should blood pressure be 
reduced?” is also unclear? and has received little veterinary attention. 

The diagnosis of hypertension should be substantiated by repeated evalua- 
tions, since fright or excitement may cause elevated recordings. The very act 
of taking blood pressure measurement in humans elevates blood pressure. 
In one study, a 27-mmHg rise in systolic pressure was attributable to physician 
presence.’ This “white coat syndrome” may also exist with animals. 

Reports of normal blood pressures in animals vary according to investiga- 
tor and technique (Table 35-1).+” Ideally, normal values should be estab- 
lished by the clinician utilizing equipment and techniques available. 

Blood pressure varies with age, body condition, gender, and breed in 
dogs.” The frequency of hypertension increases with age in humans.** ?° In 
dogs, both systolic and diastolic blood pressure rise with increasing age, up 
to late middle age (Table 35-2). The young dog with a rapid heart rate 
tends to have lower blood pressure than the adult. Body condition also 
affects canine blood pressure, with lower blood pressure recorded in healthy 
underweight dogs compared with overweight dogs. In humans and dogs, 
obesity is a predictor and concomitant of hypertension,* *® and resolution 
of obesity reduces blood pressure.* ° Male dogs may be predisposed to 
hypertension." **.?8*! Additionally, blood pressure may vary widely according 
to canine breed (Table 35-3). 
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TABLE 35-1 
Arterial Blood Pressure Measurements from Untrained, Conscious Dogs and Cats 
Method Systolic BP Diastolic BP Mean Arterial BP 
Canine 

Direct 
Aortic! 128 + 5 74+ 6 90 + 5 
Carotid’ 141 + 22.8 99 + 14.7 113 + 16.1 
Femoral’ 148 + 16 87 +8 102 + 9 
Femoral’ 154 + 30.5 96 + 11.9 115 + 16.2 
Femoral” 200-240* 80-100* 120-147* 
Femoral? 144 + 28 81 + 1.7 104 + 2.5 
Femoral} 200 + 22.4 91.6 + 18.6 
Femoral’ 90-150 

Indirect 
Auscultatory" 94-178 51-111 
Auscultatory!” 132 + 17.2 93.4 + 15.7 106.3 + 15.6 
Auscultatory"” 100-180 60-120 
Oscillometric!* 87.8-155.6 63.0-122.8 70.8-136 
Oscillometric® 152 + 38.4 104 + 22.8 120 + 25.2 
Oscillometric! 144 + 27 91 + 20 110 + 21 
Doppler 164 + 24 91 + 18 
Doppler’ 145 + 22.5 
Doppler'® 147 + 28 83 + 15 104 + 17 
Doppler” 155 + 25 85 + 10 
Doppler’+ 196 + 24.9 94.1 + 14 
Xylol pulse indicator'* 142 + 14.9 

Feline 

Direct 
Femoral’? 171.3 + 22.4* 123.0 + 17.4* 
Femoral”? 113 83 

Indirect 
Oscillometric"® 117-149 48-102 61-124 
Doppler”! 118.4 + 10.6 83.8 + 12.2 
Doppler” 113 85 
Doppler” 143 +7 96 +9 


*Animals described as anxious or uncooperative. 
tGreyhounds. 


TABLE 35-2 
Changes in Blood Pressure Associated with Changing Age (Healthy Dogs Only) 
Systolic BP Diastolic BP Mean Arterial Pressure Heart Rate 

Age Range Number of Mean + SD Mean + SD Mean + SD Mean + SD 
(years) Dogs (mmHg) (mmHg) (mmHg) (bpm) 
0-1 271 119.0 + 17.7 65.7 + 12.6 86.9 + 13.8 124.3 + 28.8 
1-2 296 128.2 + 18.7 70.9 + 12.8 93.9 + 14.5 105.7 + 25.6 
2-4 392 131.9 + 20.1 74.3 + 15.0 97.2 + 16.8 104.4 + 24.6 
4-6 220 138.4 + 22.8 78.1 + 17.3 101.8 + 18.8 108.4 + 28.9 
6-8 148 136.1 + 19.6 77.2 + 15.7 100.9 + 16.1 109.2 + 26.0 
8-10 116 139.2 + 17.4 80.5 + 14.4 104.2 + 15.6 109.0 + 23.5 
10-12 59 140.6 + 20.5 85.6 + 15.6 108.0 + 16.9 105.1 + 18.4 


From Bodey AR. Systemic hypertension in the dog—fact or fiction? Proceedings, 18th Annual Waltham/OSU Symposium: Cardiology. Vernon, CA, 1994, p 44, 
with permission. 


SYSTEMIC HYPERTENSION: RECOGNITION AND TREATMENT 797 


TABLE 35-3 
Breed Differences in Blood Pressure (Healthy Dogs Only, 18 Months Old Plus) 
Systolic BP Diastolic BP Mean Arterial Pressure Heart Rate 
Number of Mean + SD Mean + SD Mean + SD Mean + SD 

Breed Dogs (mmHg) (mmHg) (mmHg) (bpm) 
Labrador 125 118.6 + 17.1 66.2 + 13.1 87.1 + 14.7 99.2 + 19.7 
Pyrenean mountain dog 32 120.1 + 16.0 66.7 + 6.5 90.2 + 9.9 95.4 + 15.6 
Golden retriever 66 122.4 + 13.9 69.5 + 11.2 92.4 + 12.1 101.2 + 21.4 
Border collie 34 130.6 + 13.5 75.0 + 12.0 97.8 + 12.9 100.0 + 19.3 
Cavalier King Charles spaniel 60 131.3 + 16.1 72.3 + 14.0 96.4 + 14.5 124.5 + 24.6 
German shepherd dog 42 131.6 + 13.1 74.7 + 10.4 98.2 + 13.1 108.5 + 23.0 
Saluki 37 142.7 + 16.2 78.4 + 9.9 102.2 + 10.7 88.4 + 22.1 
Greyhound 78 149.2 + 20.2 87.5 + 16.1 111.0 + 17.3 114.2 + 28.1 
Deerhound 96 152.0 + 20.2 86.9 + 17.0 112.0 + 17.2 95.8 + 23.1 


From Bodey AR. Systemic hypertension in the dog—fact or fiction? Proceedings, 18th Annual Waltham/OSU Symposium: Cardiology. Vernon, CA, 1994, p 44, 


with permission. 


CLINICAL SIGNIFICANCE OF 
HYPERTENSION 


Systemic hypertension is a major human risk factor 
for coronary, cerebral, and renal vascular diseases.” 
Data show that even mild hypertension increases the 
overall risk for premature cardiovascular morbidity 
and mortality. Coupled with evidence that cardiovascu- 
lar disease progression can be reduced by drug admin- 
istration, these realities have heightened awareness of 
the dangers associated with untreated hypertension 
and have led to aggressive therapy. 

Increasingly, systemic hypertension has been recog- 
nized as a cause or consequence of clinical disease in 
cats’) 337 and dogs.® 17. 7% 28, 29, 38-351 In contrast to hu- 
mans, in whom most hypertension is primary”? (i.e., 
essential), canine and feline hypertension is usually 
associated with systemic diseases. 


INCIDENCE OF HYPERTENSION 


Lack of simple, convenient, and dependable tech- 
niques for noninvasive blood pressure measurement 
has limited detection and assessment of the natural 
prevalence. These restrictions are being overcome as 
methods for indirect blood pressure monitoring are 
studied and validated in dogs'® '” 55 and cats.?°?* 
32,3658 Occasionally, markedly elevated blood pressures 
requiring intervention are documented, with acute 
blindness, retinal detachment or hemorrhage, or neu- 
rologic signs.”* 79. 32-34, 47,50 In other cases elevated blood 
pressure is associated with asymptomatic or mildly sys- 
temic diseases, but therapy is deemed appropriate to 
reduce risk of end-organ injury.'? ®. 28 38 With many 
disorders, blood pressure elevations may be mildly to 
moderately elevated but not deemed high enough to 
constitute immediate danger.® 7) 35, 36 

In cats, a high percentage of hypertension has been 
reported with certain systemic diseases. One report of 


40 cats with hyperthyroidism, chronic renal insuffi- 
ciency, or hypertrophic cardiomyopathy showed hyper- 
tension in 19 (47.5%) as assessed with Doppler-shift 
sphygmomanometry; of these 19, 9 had elevated sys- 
tolic blood pressure only (164 + 17 mmHg), and 10 
had diastolic (118 + 19 mmHg) and systolic hyperten- 
sion.” In a different series of 28 cats with chronic renal 
failure, the overall mean systolic (147 + 25 mmHg) 
and mean diastolic (97 + 15 mmHg) blood pressure 
was significantly greater than controls, and systemic 
hypertension was recorded in 17 (61%) affected cats.” 
Similarly, in 39 cases of untreated feline hyperthyroid- 
ism, 87 percent were hypertensive (mean systolic, 168 
+ 29 mmHg; mean diastolic, 112 + 22 mmHg).7! A 
study of 24 cats with end-organ damage showed sys- 
temic hypertension by Doppler in 17 cats (mean sys- 
tolic, 219 + 43 mmHg) and by femoral arterial punc- 
ture in 15 cats (mean systolic 233 + 41; mean diastolic 
148 + 29 mmHg); mild renal insufficiency was present 
in all but one animal (which had moderate-to-severe 
renal insufficiency), and three cats were hyperthy- 
roid.” 

Canine studies® ® !! 14 17, 28, 29. 38-46, 59 have reported 
both primary and secondary forms of hypertension. In 
dogs with documented hypertension and end-organ 
damage, renal disease was detected in about 30 to 40 
percent; hyperadrenocorticism (either pituitary-depen- 
dent or due to adrenal tumor) was detected in another 
30 to 40 percent.” *° Essential hypertension has been 
documented in some dogs.” * 475° Rarely, hyperten- 
sion is detected in dogs secondary to pheochromocy- 
toma™ or polycythemia.” A number of diseases that 
can cause hypertension in humans also have been 
reported in the dog, although hypertension has not 
yet been documented. These conditions include hyper- 
aldosteronism, hypothyroidism, aortic coarctation, hy- 
perestrogenism, acromegaly, brain tumors, and lead or 
vitamin D toxicity, Although hypertension was re- 
ported in dogs with low serum thyroxine (T,), hypothy- 
roidism was not proved by thyroid-stimulating hor- 
mone (TSH).4* 
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REGULATORY MECHANISMS OF 
BLOOD PRESSURE 


Regulation of systemic blood pressure is influenced 
by central and peripheral autonomic and neuroendo- 
crine mechanisms.®! These control blood volume, 
heart rate, and vasomotor tone. Additionally, local vas- 
cular factors affect the myointimal intracellular ionic 
milieu. Total peripheral resistance is influenced by 
vasomotor tone and blood viscosity. Vasoactive chemi- 
cals may affect vasodilation or constriction. Factors 
such as intracellular sodium and calcium may alter 
arteriolar sensitivity to these chemical agents. 

Physical or pathologic conditions like arteriosclerosis 
or atherosclerosis may affect arteriolar structure by 
reducing vascular elasticity and luminal diameter. 
Blood itself may influence peripheral resistance by 
nature of its viscosity, hematocrit, and red cell deform- 
ability.*?-* 


THE SYSTEMIC CIRCULATION 


The circulatory system is divided into the systemic 
and pulmonary circulations (chapter 2). The total 
cross-sectional vascular area is greatest in the capillar- 
ies. Blood pressure and resistance are intimately re- 
lated and vary according to each particular segment 
of systemic circulation. 


NORMAL BLOOD PRESSURE 


Blood pressure fluctuates throughout the day and 
night, as demonstrated by ambulatory 24-hour blood 
pressure measurements in dogs.® Additionally, blood 
pressure measurements may increase with handling, 
feeding, noise, and in the early morning.®* 688 Blood 
flow is not a fixed entity. It is influenced by (1) the 
amount of pressure forcing blood through the vessel, 
and (2) the resistance to flow. 7? 


INTERRELATIONSHIPS: BLOOD 
PRESSURE, BLOOD FLOW, AND 
RESISTANCE 


Blood pressure (BP) can be expressed as the prod- 
uct of cardiac output (CO) multiplied by total periph- 
eral resistance (TPR): BP = CO xX TPR. Cardiac 
output is represented by the product of heart rate 
(HR) multiplied by stroke volume (SV): CO = HR X 
SV. Stroke volume is influenced by cardiac contractility, 


preload, and afterload (chapter 2). Thus, alterations 
in blood characteristics, extracellular fluid (blood) vol- 
ume, and cardiac factors will markedly influence blood 
pressure. Arteriolar resistance is the major determi- 
nant of blood pressure at rest; during exercise, CO 
assumes a more important role. In addition, both HR 
and TPR are modulated by other factors, including the 
renal body-fluid system, the renin-angiotensin-aldoste- 
rone system, and neural mechanisms (discussed later). 
Sympathetic nervous system stimulation causes direct 
vasoconstriction, as well as adrenal medullary release 
of epinephrine and norepinephrine, which indirectly 
stimulates cardiac and vascular smooth muscle. In ad- 
dition, angiotensin II enhances release of norepineph- 
rine from the adrenergic nervous system. 

The Poiseuille equation highlights the importance 
of blood vessel diameter as the key determinant of 
resistance: 


_ TAP 
Q= 8Ly 

where Q = flow, 7/8 = proportionality constant, AP 
= pressure gradient, r = radius, L = vessel length, 
and ņ = blood viscosity. This demonstrates that flow 
is directly proportional to the pressure gradient and to 
the fourth power of the vessel’s diameter, and inversely 
proportional to the vessel length and blood viscosity. 
Arterioles are well-muscled vessels that offer the great- 
est resistance to flow. Resistance begins increasing rap- 
idly in small arteries and is greatest in the arterioles.*! 


MEAN ARTERIAL PRESSURE (MAP). This represents the av- 
erage pressure throughout the cardiac cycle and is 
used as an approximation of arteriolar resistance.” 
The MAP is slightly less than the value halfway between 
systolic (SBP) and diastolic (DBP) pressures and may 
be approximated by the equation: 


_ (SBP + 2DBP) 


MAP 
3 


RAPIDLY ACTING MECHANISMS 
CONTROLLING BLOOD PRESSURE 


NERVOUS SYSTEM MECHANISMS 


The central nervous system (CNS) controls both 
peripheral autonomic nervous system activity and re- 
lease of circulating hormonal factors. Thus, it acutely 
modifies blood pressure and heart rate to promote 
cardiovascular homeostasis.” 

Sympathetic nervous system stimulation causes di- 
rect vasoconstriction. Adrenal medullary release of epi- 
nephrine and norepinephrine indirectly stimulates car- 
diac and vascular smooth muscle. In addition, 
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angiotensin H enhances norepinephrine release from 
the adrenergic nervous system. 

The baroreceptor reflex is initiated by stretch receptors 
in walls of the carotid sinus and aortic arch. The 
receptors convey sensory signals to the brain stem 
vasomotor center in response to changes in arterial 
blood pressure. A fall in pressure decreases barorecep- 
tor impulses to the vasomotor center. This increases 
sympathetic efferent traffic and causes vasoconstric- 
tion, raises heart rate, and increases blood pressure. 
An increase in blood pressure causes the opposite 
reaction. Additional pressure receptors in the atria and 
pulmonary arteries assist arterial pressure regulation. 

The chemoreceptor reflex is normally less important 
for blood pressure control. Responding presumably to 
acidosis or hypercapnia, chemoreceptors located in 
the carotid and aortic bodies transmit afferent signals 
to excite the vasomotor center and increase blood 
pressure. 


HORMONAL MECHANISMS 


The renin-angiotensin-aldosterone system plays an 
important role in cardiovascular homeostasis.” 74 An- 
giotensin II is one of the most potent vasoconstrictors. 
In hypotensive states, or if renal perfusion is low due 
to various mechanisms, juxtaglomerular cells in the 
afferent arteriolar walls secrete the enzyme renin into 
the blood, which hydrolyzes angiotensinogen to the de- 
capeptide angiotensin I. In pulmonary vessels, angio- 
tensin-converting enzyme (ACE) catalyzes formation 
of the octapeptide angiotensin II from angiotensin I. 
As a potent arteriolar vasoconstrictor (venoconstrictor 
effects are milder), angiotensin II enhances adrenergic 
release of norepinephrine. Along with increased ad- 
renergic activity, it contributes to increased total pe- 
ripheral resistance, afterload, and arterial blood pres- 
sure, Angiotensin II also stimulates the adrenal cortex 
to secrete the mineralocorticoid aldosterone, which 
promotes renal Na* and fluid retention, and raises 
blood volume (preload). 


LONG-TERM REGULATION OF 
ARTERIAL BLOOD PRESSURE 


Many of the short-term mechanisms affecting blood 
pressure become diminished over time.” Mechanisms 
for more sustained pressure control rely on interrela- 
tionships between the kidney and vascular fluid inter- 
action and are augmented by neurohumoral systems. 


RENAL-FLUID VOLUME MECHANISM 


The renal-fluid volume mechanism is so powerful 
that it allows the kidneys to exert the dominant force 


for long-term pressure control. The kidney uses two 
major mechanisms. One acts by manipulating extracel- 
lular fluid volume, which, in turn, affects blood vol- 
ume, cardiac output, and arterial pressure. Elevated 
arterial blood pressure increases renal excretion of 
sodium and water. Referred to as pressure natriuresis 
and pressure diuresis, this reduces extracellular fluid 
volume through increased urine output. Conversely, 
renal excretion of salt and water is reduced when 
arterial pressure drops. Several physiologic mecha- 
nisms enhance this system of pressure control, includ- 
ing the second mechanism, which involves the renin- 
angiotensin-aldosterone system and adrenergic system 
as described earlier.” 


LOCAL CONTROL OF BLOOD FLOW 


A complex and interrelated set of homeoregulatory 
mechanisms affects the circulatory system to regulate 
blood flow. The mechanisms include humoral, ner- 
vous, and local control.”° 


HUMORAL REGULATION. At the cellular level, vasomo- 
tor tone depends on the final common pathway: cyto- 
solic Ca** availability to interact with smooth muscle 
myosin. Cytosolic Ca** depends on flux of other cat- 
ions (e.g., Nat, K*, Mg++). Many countertransports 
exist. The pressor effect of Na* depends on Catt 
since increased intracellular Nat is associated with 
increased cytosolic Ca* +.7® 77 The spontaneously hyper- 
tensive rat (SHR) on a high NaCl diet secretes much 
less endothelium-derived relaxing factor (EDRF, which 
may be nitric oxide) than normal, but if supplemented 
with high K*, will secrete EDRF normally. Platelet 
adhesion to endothelial cells and platelet aggregation 
are inhibited by EDRF. In hypertensives without 
enough EDRF, there is high risk for thrombosis; K* is 
protective.” 

Many agonists (including angiotensin I, serotonin, 
and catecholamines via post-synaptic a,-receptors), 
when bound to their G-protein cell membrane recep- 
tor, act via phospholipase C (PLC) to generate intracel- 
lular second messenger modulators.” The activation 
of PLC releases diacylglycerol (DG) and inositol tri- 
phosphate (IP;): DG activates a Ca**-dependent pro- 
tein kinase (PKC) that controls a Na*-H* membrane 
exchange system; inositol triphosphate directs cytosolic 
Ca** from the sarcoplasmic reticulum, freeing it for 
action with vascular smooth muscle myosin. Angioten- 
sin, norepinephrine, and thromboxane Ay, stimulate 
contraction, whereas EDRF, kallikrein, bradykinin, and 
prostacyclin relax vascular smooth muscle. 


AUTONOMIC NERVOUS SYSTEM REGULATION. The vaso- 
motor center is capable of stimulating vasoconstriction 
or inhibiting it, depending upon which area is acti- 
vated.®! Sympathetic stimulation to the small arteries 
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and, especially, arterioles increases total systemic vascu- 
lar resistance. Venous stimulation increases blood re- 
turn to the heart. Cardiac stimulation increases heart 
rate and force of contraction, Parasympathetic stimula- 
tion reduces heart rate but has minimal vascular ef 
fects. 


LOCAL CONTROL. The need for tissue oxygen delivery, 
glucose, fatty acids, other nutrients, and many local 
factors drive local circulatory autoregulation and blood 
flow. This facilitates blood supply to different tissues 
and organs, depending on local tissue metabolism. 


CLINICAL CONDITIONS AFFECTING 
ARTERIAL PRESSURE WAVES 


Pulse pressure represents the difference between sys- 
tolic and diastolic pressure. It may be affected by car- 
diac stroke volume (i.e., the greater the stroke volume 
output, the more blood pumped into the arterial sys- 
tem and the greater the pulse pressure) and by arterial 
compliance (i.e., the greater the arterial tree compli- 
ance, the less the rise in pressure per stroke volume). 


NORMAL PULSE PRESSURE 


The pulse pressure is progressively augmented as it 
is transmitted peripherally by reflection of the pulse 
wave from peripheral arteries.”” The clinical signifi- 
cance of this phenomenon is that systolic pressure 
measured from peripheral arteries may be increased 
compared with the central aorta, and the diastolic 
pressure may be comparatively reduced. 


ABNORMAL ARTERIAL PULSE PRESSURE 


Arterial systolic pressure may be increased when car- 
diovascular disorders cause greater than normal for- 
ward stroke volume, as with patent ductus arteriosus 
(PDA), arteriovenous fistula, or severe aortic regurgita- 
tion (AR). Clinical palpation of the femoral artery 
may detect a hyperkinetic pulse. Diastolic pressure may 
decline with conditions causing blood to shunt from 
aorta to pulmonary artery (PDA); from arterial to 
venous system (arteriovenous fistula); or aorta back 
into the left ventricle (AR). Clinical palpation of the 
femoral artery may detect a wide, “bounding” pulse 
pressure. Pulse pressures may also be exaggerated with 
sympathetic hyperactivity, severe bradycardia, and hy- 
perkinetic states associated with severe anemia, fever, 
or other high-output states such as hyperthyroidism. 
Reduced amplitude pulse pressures may be detected 
by femoral arterial palpation when forward cardiac 
output is reduced, such as with left ventricular outflow 
obstruction (severe aortic stenosis) or with intravascu- 
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lar volume depletion. Unequal or absent femoral arte- 
rial pulse pressures may indicate thrombosis.” 


PATHOGENESIS OF 
HYPERTENSION 


Diseases that increase cardiac output or total periph- 
eral resistance may result in systemic hypertension (Ta- 
ble 35-4). Heart rate, stroke volume, and cardiac out- 
put may increase in hyperdynamic states, in conditions 
favoring heightened sympathetic activity, or with disor- 
ders activating the renin-angiotensin-aldosterone sys- 
tem. Total peripheral resistance may elevate when so- 
dium chloride is retained, in response to increased 


TABLE 35-4 


Diagnostic Tests for Hypertensive Diseases 


Renal Parenchymal Diseases 
Pyelonephritis 

Chronic interstitial nephritis 
Polycystic renal disease 


Glomerulonephritis 
Amyloidosis 
Glomerulosclerosis 
Renal Arterial Disease 


Adrenal Diseases 

Hyperadrenocorticism 
Pituitary-dependent 
Adrenal neoplasia 
Iatrogenic 

Pheochromocytoma 


Hyperaldosteronism 
Thyroid Diseases 
Hyperthyroidism 
Hypothyroidism 


Anemia 


Polycythemia 


Hyperviscosity 


? Intracranial Pressure 


Acromegaly 


Hyperestrogenism 


CBC; Chemscreen, UA, UC/S, urine 
protein/creatinine; abdominal 
radiography/ultrasonography; 
renal biopsy, arteriography; 
creatinine clearance 

ANA, Coombs’ test; serology 
(Borrelia, Dirofilaria, Ehrlichia, 
Babesia) 


Renal arteriography, renal vein PRA 


ACTH stimulation test, 
dexamethasone suppression test 


Plasma/urinary catecholamines; 
provocative tests* 

Serum Nat, K', serum aldosterone 
assay 


Serum T./T,; T; suppression test 

TSH stimulation test; TSH assay 

1° versus 2°?; reticulocyte count; 
bone marrow examination 

1° versus 2°?; cardiopulmonary 
workup; abdominal radiography/ 
ultrasonography; reticulocyte 
count; erythropoietin assay; bone 
marrow examination 

Chemscreen, protein 
electrophoresis, bone marrow 


Brain scan (MRI) 

Growth hormone assay; clonidine 
stimulation test 

Estrogen assay; abdominal 
ultrasonography 


*With pheochromocytoma, phentolamine decreases BP greater than 35/25 
mmHg; clonidine does not change BP. 

CBC, complete blood count: UA, urinalysis; UC/S, urine culture and sensi- 
uvity; ANA, antinuclear antibodies; PRA, plasma renin activity, ACTH, adreno- 
corticotropic hormone; MRI, magnetic resonance imaging. 
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levels or sensitivity to catecholamines or angiotensin 
II. Variable activation of the renin-angiotensin-aldoste- 
rone system has been documented in hypertensive cats 
with chronic renal disease.** Decreased circulating 
vasodilator concentrations accompanying renal disease 
may contribute. Heightened sensitivity to vasopressors 
occurs when increased intracellular (cytosolic) salts 
such as Na* and Ca** predispose to high arteriolar 
tone. Steroids increase arteriolar sensitivity by several 
mechanisms that raise intracellular Na* and limit de- 
pressor systems.*'*4 The total peripheral resistance is 
also influenced by blood viscosity, which is related to 
hematocrit, plasma viscosity, and cellular deformabil- 
ity.’ Polycythemia, hypergammaglobulinemia, and 
red blood cell changes from defective ionic pumps 
have been associated with hypertension. 

It has been suggested that hypertension may be 
caused by a primary vascular defect involving cationic 
channels, growth factors, and/or phospholipase C reg- 
ulation. Many substances cause in vitro vascular smooth 
muscle growth and proliferation, including angioten- 
sin II, catecholamines, vasopressin, growth hormone, 
insulin, and insulin-like growth factor I, and may there- 
fore contribute to hypertension.” 

A genetic predisposition described in humans with 
essential hypertension appears to be polygenetic. It 
may involve alterations of several macromolecules serv- 
ing as enzymes, carriers, membrane components, or 
signal substances. These can affect the structure or 
function of cellular membranes*® leading to muscle 
hypertrophy in response to ordinary loads. 

Obese dogs may have higher than normal blood 
pressure,* '* increased baroreflex sensitivity,® and 
blunted natriuretic responses.*” ** These changes may 
reverse when body weight is normalized. 


THE “VICIOUS CYCLE” OF 
HYPERTENSION 


Arteriosclerosis and atherosclerosis decrease arterio- 
lar luminal diameter, decrease arteriolar elasticity, and 
raise total peripheral resistance. These changes cause 
a “vicious cycle” by propagating hypertension. 

Mechanical smooth muscle stretch caused by ele- 
vated blood pressure stimulates Ca++ entry through 
the “stretch-activated channel.”® This stretch reflex 
helps maintain increased smooth muscle tone, as oc- 
curs in autoregulation. Thus, hypertension itself causes 
high vascular tone and increased sensitivity to vasopres- 
sors. 

Vascular remodeling occurs in hypertension. Endo- 
thelial cells and platelets produce fibroblast growth 
factor and platelet-derived growth factor (PDGF), 
which are mitogenic for smooth muscle cells.” Besides 
the hypertrophy/hyperplasia caused by these growth 


factors, they activate turnover of membrane phospho- 
lipid and phosphatidylinositol and affect phospholi- 
pase C activity. In hypertension, platelet phosphatidyl- 
inositol 4,5-diphosphate (PIP.) is decreased, suggesting 
increased phospholipase C activity. This could explain 
the increased platelet Ca**, increased sensitivity of 
platelets to thrombin, serotonin, or collagen (causing 
release of PDGF), and enhanced Na*-H* exchange 
seen in human essential hypertensives and in SHR 
rats.” 

Nephrosclerosis may also encourage the vicious cy- 
cle. As nephrons become hypoxic owing to afferent 
arteriolar vasoconstriction, the renin-angiotensin-aldo- 
sterone system activates. In addition, the diseased kid- 
ney may not excrete salt and water efficiently, promot- 
ing retention, increased cardiac output, and total 
peripheral resistance. Lastly, production of vasodilators 
(prostaglandins, kinins) may be impaired. 


CLINICAL CONSEQUENCES OF 
HYPERTENSION 


Hypertension may predispose certain “target” or- 
gans to injury, particularly the eyes, kidneys, and car- 
diovascular and neurovascular systems (Table 35-5). 
When high systemic blood pressure alters Starling’s 
forces, edema may occur from transudation of fluid 
and electrolytes; or hemorrhage may result from exu- 
dation of plasma proteins or cellular blood compo- 
nents, from microvascular rupture, or from capillary 
permeability changes. Thus, hypertension should be 
suspected (1) when signs or evidence of “target” or- 
gan injury (e.g., retinal hemorrhage or detachment, 
epistaxis, or left ventricular hypertrophy) is detected, 
or (2) when diseases known to predispose to hyperten- 
sion are diagnosed. 


CARDIOVASCULAR CHANGES 


Vascular medial hypertrophy or hyperplasia results 
from increased arterial smooth muscle work induced 
by vasopressors, high cytosolic Cat +, or autoregulatory 
vasospasm. High blood pressure also causes intimal 
damage resulting in arteriosclerosis and atherosclero- 
sis. Arteriosclerosis causes major arteries to become 
stiff and thickened. 

Systemic hypertension and left ventricular hypertro- 
phy are predictors of premature human mortality,” 
but this relationship has not yet been verified in ani- 
mals. Left ventricular hypertrophy and mass increase 
from increased afterload, although congestive heart 
failure is a rare sequela in animals. 
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TABLE 35-5 


Clinical Evidence Suggesting End-Organ Injury in Hypertension 


History, Physical Examination 


Clinicopathologic Abnormalities 


Cardiac* Gallop rhythm 

Exercise intolerance 
Dyspnea 

Low-grade systolic murmur 
Arrhythmias 


Heart failure (rare) 


Vascular” Epistaxis 


Ocular® 


Cardiomegaly 

Left ventricular hypertrophy 
Pleural effusion 

Pulmonary edema 


Tortuous aorta 

Hyaline arteriosclerosis 

Medial hypertrophy/hyperplasia 
Fibrinoid necrotizing arteriolitis 
Atherosclerosis 


Blindness; retinal hemorrhage/detachment 


Hyphema; glaucoma (closed-angle) 


Corneal ulceration 


Retinal atrophy, hyperreflectivity (old scars) 


Renal“ 
Signs of renal failure 


Head tilt 

Seizure 

Paresis, hemiparesis 
“Stroke’’; collapse/coma 


Cerebrovascular 


Polyuria/ polydipsia (pressure diuresis) 


Low urine specific gravity (USG) 
Proteinuria; glomerulosclerosis 
Tortuous intrarenal vasculature 


Arteriosclerosis 
CNS hemorrhage 
Infarction 


“Dogs, refs, 17, 28, 29, 38, 39, 42, 43, 46-50; cats, refs. 32, 34, 35, 37. 
"Dogs, refs. 8, 17, 28, 29, 38, 41—45, 49-51; cats, refs. 32, 33. 

‘Dogs, refs. 28, 29, 40, 41, 44, 47, 50, 91, 92; cats, refs. 32-34, 36, 37. 
"Dogs, refs. 8, 17, 28, 29, 38, 44, 47; cats, refs. 32, 33. 

‘Dogs, ref. 50; cats, refs, 32-34. 


INTRAOCULAR CHANGES 


Moderate-to-severe hypertension may result in blind- 
ness. Lesions include retinal hemorrhage, detachment, 
and/or hyphema (less frequently, closed-angle glau- 
coma and corneal ulceration) (Color Plate 2). 


RENAL CHANGES 


Most hypertensive dogs and cats have polyuria and 
polydipsia, possibly due to pressure diuresis or primary 
disease. Arteriosclerosis is associated with glomerulo- 
sclerosis (nephrosclerosis). Glomerular atrophy and 
nephron loss may be seen. Glomerular damage predis- 
poses to proteinuria, and renal failure may be present. 
Arteriography in hypertensive dogs has shown tortuous 
intrarenal vasculature suspected to be a secondary 
change.”* 1 


CEREBROVASCULAR CHANGES 


Central nervous system arteriosclerosis, vasospasm, 
infarcts, or hemorrhage may cause neurovascular or 
cerebrovascular accidents (CVAs or “strokes”). Multi- 
focal hemorrhages have been observed in brains of 
hypertensive cats with neurologic signs. 33 f 


HISTORY AND PHYSICAL 
EXAMINATION FINDINGS 


SIGNALMENT 


Most hypertensive dogs and cats are middle-aged to 
old (dogs, mean age, 8.9 + 3.6 years, range, 2 to 14 
years;” cats, mean age, 15.1 + 3.8 years, range, 7 to 
20 years). The hypertension may be caused by or 
coincident with geriatric diseases. Older dogs'* ** *° 
(but not older cats?) had higher blood pressure than 
younger animals. Males may be predisposed,’ * 28-31 
and hypertension is linked to the Y-chromosome in 
SHR rats.” 

Greyhound dogs have higher blood pressure mea- 
surements than other breeds, even if never trained to 
race.” Greyhounds have cardiac hypertrophy (unre- 
lated to pathologic hypertension”), relatively high car- 
diac output with low total peripheral resistance, and 
greater blood and erythrocyte volume. Their barore- 
ceptors are “set” higher and are more sensitive.*” ” 
These inborn changes are physiologic and do not re- 
sult in increased morbidity to hypertensive pathology, 
except for atherosclerosis when the dogs are fed high- 
fat diets." 

Hereditary essential hypertension was reported in a 
line of Siberian Husky mixed-breed dogs.** * They 
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may also have genetic cardiac hypertrophy, possibly 
inherited separately,” and increased platelet aggrega- 
tion, as in humans with essential hypertension.’ 
These changes may be similar to those in the grey- 
hound and represent inbred cardiovascular adapta- 
tions favoring endurance. 


HISTORY 


The history may disclose acute or chronic conse- 
quences of end-organ damage, or underlying diseases 
associated with hypertension. Important clues include 
polyuria/polydipsia, blindness, epistaxis, signs of con- 
gestive heart failure (CHF), kidney failure, hyper and 
hypoadrenocorticism, hyper- and hypothyroidism, dia- 
betes, or central neurologic signs. Potential exposure 
to hypertensive substances should be questioned, in- 
cluding high dietary salt intake,” *” alpha-agonists 
(e.g., phenylpropanolamine, topical ocular phenyleph- 
rine’”'), steroids, lead, cadmium, vitamin D toxicity,'® 
nicotine,’ xylazine,” and ketamine.” 


PHYSICAL EXAMINATION 


Complete physical examination should be per- 
formed, including ocular examination with direct or 
indirect ophthalmoscopy (bilateral, but not necessarily 
symmetric, ocular lesions are common; see Color Plate 
2). Neck palpation in elderly cats may reveal thyroid 
gland nodules. Soft systolic murmurs (grade 2/6) are 
commonly auscultated in affected dogs (57%*) and 
cats (42%). Abdominal palpation may reveal hepato- 
megaly from hyperadrenocorticism or small, irregular 
kidneys. Abdominal distention may be caused by 
hyperadrenocorticism or protein-losing nephropathy 
and nephrotic syndrome. Obesity may be present. 


DIAGNOSIS AND 
CHARACTERIZATION OF 
HYPERTENSION 


DOCUMENTATION OF ELEVATED 
BLOOD PRESSURE 


Hypertension is diagnosed when elevated blood 
pressure is repeatedly recorded over multiple measure- 
ments to exclude spuriously elevated readings from 
fright or excitement. Clinical evidence of end-organ 
pathology may help support the diagnosis (Table 35- 
5). In humans, hypertension is defined according to 
blood pressure measurements that are associated with 
increased morbidity and mortality, or greater than 


160/95 mmHg systolic/diastolic.* '°* There are no 
such statistics concerning morbidity and mortality in 
animals. 


METHODS OF BLOOD PRESSURE 
ASSESSMENT 


DIRECT BLOOD PRESSURE MEASUREMENT 


Direct arterial puncture is the oldest technique and 
considered the most accurate method for animal blood 
pressure assessment. Femoral arterial puncture is per- 
formed by inserting a 22- to 25-gauge needle con- 
nected by heparinized, saline-filled tubing to a physio- 
logic pressure transducer and a hemodynamic 
oscilloscope-recorder in the nonsedated animal re- 
strained in lateral recumbency.”*: *” The apparatus can 
be calibrated with a mercury manometer. Zero base- 
line balance is performed with the needle held at the 
same height and angle just before arterial introduc- 
tion. Less commonly, direct measurements may be re- 
corded from other arteries (carotid loop,’ external 
auricular artery,’ carpal or tarsal arteries). The blood 
pressure is observed and recorded over multiple car- 
diac cycles, until it is shown to be “stable” and repeat- 
able. Heart rate is recorded, and observation of the 
pet’s “anxiety” is noted for reference. Sympathetic 
stimulation will increase the heart rate above normal, 
and this observation may be helpful in interpreting 
blood pressure readings. 

A disadvantage of this technique is that it requires 
more physical restraint and induces more pain than 
noninvasive methods, thereby giving rise to sympa- 
thetic stimulation and raised blood pressure. 

Hypertension is considered to be present when 
blood pressure measurements exceed 160/100 mmHg 
systolic/diastolic using direct arterial puncture in un- 
acclimated animals. This is influenced, however, by 
technique, method of measurement, and clinical vari- 
ables. Isolated systolic hypertension (160 to 200 mmHg 
systolic) may indicate sympathetic activity caused by 
fright or excitement. Pressures of 220 to 240/130 to 
150 mmHg systolic/diastolic have been recorded in 
hypertensive animals with ocular damage.” ** 3*4 Re- 
cordings of 275/170 mmHg have been recorded from 
a dog with essential hypertension.” 


INDIRECT (NONINVASIVE) BLOOD PRESSURE 
MEASUREMENT 


The need for rapid, noninvasive blood pressure eval- 
uation has made indirect blood pressure measurement 
popular. Validation and comparison of indirect with 
direct techniques in dogs* and catst have enhanced 


*Refs. 4a, 5, 9, 16-18, 53-55, 107. 
+Refs. 4a, 20-22, 32, 56-58. 
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the utility of noninvasive methodologies. Techniques 
for noninvasive blood pressure include the Doppler,* 
Dinamap,t+ plethysmography,”’: * xylol indicator, and 
auscultatoryt methods. These utilize a cuff to constrict 
a peripheral artery (on front leg, hind leg, or tail) and 
a transducer or microphone placed distal to the cuff 
to detect blood flow or arterial wall motion once the 
blood pressure overcomes the pressure of the cuff. 
Various transducers can be used—ultrasonic (Doppler 
Flow Detector, Parks Medical Electronics Inc, Aloha, 
OR); oscillometric (Dinamap, Critikon, Tampa, FL); 
photoplethysmographic (Finapres, Ohmeda, Louis- 
ville, CO); or auscultatory audio-amplifiers. The cuff 
width should be 40 percent of the limb’s circumfer- 
ence.” Falsely low or high values occur if the cuff is 
too large or too narrow, respectively. 

Simultaneous indirect and direct blood pressure 
measurements seem to correlate well (cats,?! 3% 56 58 
dogs”: ® '7 18. 53, 107), although some studies show that 
indirect measurements underestimate direct measure- 
ments by 7 to 14 mmHg in cats” and dogs.* In anes- 
thetized cats, the Doppler system placed on the leg 
was shown to be more efficient, accurate, sensitive, 
reproducible, and less expensive compared with the 
Dinamap and Finapres techniques over pressures be- 
tween 40 mmHg diastolic and 240 mmHg systolic.™* 
However, the Doppler technique relies heavily on the 
subjective interpretation of the observer. This is espe- 
cially user-dependent for diastolic readings when the 
Doppler sounds change or become muffled. 

Indirect blood pressure monitoring provides a useful 
clinical screening technique. Normal values are usually 
less than 160 to 180 mmHg systolic. Hypertensive ani- 
mals with ocular damage usually have indirect blood 
pressure of approximately 220 + 40 mmHg.** 3 


CLINICAL ASSESSMENT OF 
HYPERTENSION 


DIAGNOSTIC TESTS 


Appropriate diagnostic tests (see Tables 35-4 and 
35-5) are required to (1) differentiate essential hyper- 
tension from secondary hypertension (i.e., that caused 
by an underlying disease); (2) reveal end-organ dam- 
age; and (3) guide the clinician’s choice of anti-hyper- 
tension therapy. 


*Refs. 4a, 5, 9, 15-17, 20-22, 32, 34, 56-58, 80a, 110a. 
+Refs. 4a, 5, 13, 14, 54, 55, 58. 
tRefs. 10-12, 53, 107, 108. 


RELATIONSHIP BETWEEN DISEASE AND 
BLOOD PRESSURE ELEVATION 


In humans, the risk of cardiovascular morbidity and 
mortality increases progressively with increasing blood 
pressure levels." 

Most cats with documented hypertension and end- 
organ damage have renal disease. However, it is not 
clear whether renal alterations are a cause or effect, 
or are coincident with hypertension.*!: *: 336 A few 
cats with hypertension and end-organ damage had 
hyperthyroidism. ** Pheochromocytoma has been re- 
ported in a cat, but hypertension was not docu- 
mented.!!° 

Mild hypertension has been documented in dogs 
with glomerular diseases (80%);° other renal ab- 
normalities (61%);° *° hyperadrenocorticism (59 to 
100%)* 5 1 and pheochromocytoma (50%); and 
cats with renal diseases (61 to 65%),?! 59 80a, 110a, 155 oy 
hyperthyroidism (87%).” Since end-organ damage was 
not studied, it is unclear how clinically significant mild 
hypertension is. 


MANAGEMENT OF 
HYPERTENSION 


Morbidity and mortality data are lacking for hyper- 
tension in dogs and cats. Although when and how to 
treat is not well established, the rhetorical question, 
“Is treatment of hypertension beneficial?” is generally 
answered “Yes” on faith when hypertension is extreme. 
Additionally, extrapolation from human studies sug- 
gests that therapy is beneficial (1) when severe blood 
pressure elevations are repeatedly recorded, (2) when 
significant end-organ injury is detected, or (3) in the 
presence of cardiovascular risk factors. The answer is 
much less certain for mild degrees of hypertension. 

Human antihypertensive therapy involved a “step- 
care” approach in the 1970s and 1980s. If a first-line 
drug (often a diuretic or B-blocker) did not lower 
blood pressure sufficiently, another medication was 
added, and if necessary a third drug (often a vasodila- 
tor) was introduced. Lately, ACE inhibitors and cal- 
cium channel blockers have become increasingly popu- 
lar as first-line antihypertensive drugs.5* 1% 13 
Additional benefits, including regression of left ventric- 
ular hypertrophy, have been associated with ACE inhib- 
itors, a- and B-blockers, and calcium channel blocker 
therapy, but not with diuretics or direct-acting vasodila- 
tors (Table 35-6). 


THERAPEUTIC GOALS 


Considering the practical issues of treatment costs 
and rigors of daily drug administration, a judicious 
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TABLE 35-6 


Drugs Used for Antihypertensive Therapy in Dogs and Cats 


Generic Name (US Trade Name) 


Dosage 


ACE inhibitors 
Benazepril (Lotensin) 
Captopril (Capoten) 
Enalapril (Enacard) 
Lisinopril (Prinivil) 
Ramipril (Altace) 
B-Adrenergic receptor blockers 
Atenolol (Tenormin) 


Propranolol (Inderal) 


a-Adrenergic receptor blockers 
Prazosin (Minipress) 


Calcium channel blockers 
Amlodipine (Norvasc) 
Diltiazem (Cardizem) 


Diltiazem (Cardizem CD) 
Verapamil (Isoptin) 

Diuretics 
Hydrochlorothiazide (HydroDiuril) 
Furosemide (Lasix) 
Spironolactone (Aldactone) 


philosophy is to (1) validate elevated blood pressure 
by at least three successive measurements, (2) monitor 
but do not treat “mild” hypertension, (3) carefully 
identify and treat secondary conditions known to be 
associated with hypertension, and (4) base the initial 
drug choice on patient and disease characteristics. 

Individual drug choice(s) depends on (1) hydration 
status and renal function, (2) heart rate and cardiac 
function, (3) underlying primary disease, (4) response 
to therapy, (5) adverse effects, and (6) costs. When 
beginning drug therapy, low initial doses should be 
used with the aim of gradual blood pressure reduction 
while avoiding untoward effects. Animals may vary 
widely in their response to drugs. No data exist as to 
how low pressure should be reduced for maximal ben- 
efit in animals, and systematic animal studies compar- 
ing antihypertensive drugs are currently lacking. In 
humans, a goal of attaining 140 mmHg systolic and 
85 mmHg diastolic is suggested in conjunction with 
reducing other cardiovascular risk factors.'!* 


NONPHARMACOLOGIC THERAPY 


When possible, nondrug treatments should consti- 
tute initial intervention.''® These are outlined below. 


AVOIDANCE OF DRUGS PROMOTING 
HYPERTENSION 


Exposure to medications known to raise blood pres- 
sure should be discontinued. Examples include gluco- 


0.25 mg/kg PO q 24 hr 

0.5-2.0 mg/kg PO q 8-12 hr 
0.25-0.75 mg/kg PO q 12-24 hr 
0.4-1.0 mg/kg PO q 12~24 hr (dogs) 
0.5 mg/kg PO q 12-24 hr (dogs) 


6.25-12.5 mg PO q 12 hr (cats) 
1.0-2.0 mg/kg PO q 12-24 hr (dogs) 
5-10 mg PO q 8-12 hr (cats) 

5-80 mg PO q 8-12 hr (dogs) 


0.25-1.0 mg PO q 8-12 hr (cats) 
0.25-2.0 mg PO q 8-12 hr (dogs) 


0.625-1.25 mg PO q 24 hr (cats) 
7.5-15 mg PO q 8-12 hr (cats) 
0.5-2.0 mg/kg PO q 8-12 hr (dogs) 
10 mg/kg PO q 24 hr (cats) 

1-2 mg/kg PO q 8-12 hr (cats) 


2-4 mg/kg PO q 12 hr 
1-4 mg/kg PO q 8-12 hr 
2-4 mg/kg PO q 24 hr 


corticosteroids, phenylpropanolamine, nephrotoxic 
agents (aminoglycosides, amphotericin, cyclosporine), 
and amphetamine-like drugs. Glucocorticoids, includ- 
ing topical steroids, should be avoided (systemic effects 
and pituitary-adrenal axis alterations may result).''® 


WEIGHT CONTROL 


Weight reduction is advised for obese animals. Dogs 
experimentally made overweight developed high 
blood pressure that dropped when their weight was 
reduced.* Mechanisms include massive natriuresis asso- 
ciated with very low caloric intake,''’ decreased sympa- 
thetic activity," and decreased plasma insulin.''® 


DIET MODIFICATION 


The role of dietary intervention is unsettled. Rigid 
sodium restriction was established for hypertensive hu- 
mans in the late 1940s when few other therapeutic 
options were available.'” Severe salt restriction has 
now been largely discarded in favor of modest sodium 
reduction, and this appears to be rational for veteri- 
nary application as well. In humans, moderate dietary 
sodium reduction has been shown to lower blood pres- 
sure an average of 4.9 + 1.3 mmHg systolic and 2.6 
+ 0.08 mmHg diastolic.'*! Some dogs with essential 
hypertension have been found to be salt sensitive.” |” 
Thus, salt restriction in sodium-sensitive individuals 
should be beneficial.’ Animals with renal failure and 
hyperadrenocorticism may retain sodium chloride and 
water, and salt restriction in hypertensive individuals 
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may be considered. Whereas some investigators recom- 
mend that dietary salt not exceed 0.1 to 0.3 percent 
Nat by dry weight,'** others argue against specific 
recommendations regarding sodium restriction.” 
Given available human and animal data, the potential 
for benefit with remote possibility of harm makes mod- 
erate dietary sodium restriction prudent when treat- 
ment of moderate-to-severe hypertension is deemed 
necessary. Since K** and Mg**!* salts may help lower 
blood pressure, these may be considered as salt substi- 
tutes. Other Na* salts do not seem to raise blood 
pressure the way sodium chloride does.'* Therefore, 
hypertensive animals with renal failure and acidosis 
may be treated with sodium bicarbonate. 

Antihypertensive effects of other nutrients may also 
have potential relevance. Increased linoleic acid 
(omega-6 fatty acid from seed oil) in the diet raises 
renal vasodilatory prostaglandin synthesis. In contrast, 
dietary linolenic acid (omega-3 fatty acid from linseed 
oil, olive oil, cod liver oil) inhibits this synthesis and 
may favor vasoconstriction and hypertension. '?’ 


TREATMENT OF UNDERLYING MEDICAL 
DISEASES 


Hypertension may regress or disappear with appro- 
priate recognition and treatment of hyperthy- 
roidism.*!:** Reversal of obesity may reduce blood pres- 
sure in some animals. Other conditions may be less 
responsive.”* 


PHARMACOLOGIC THERAPY 


Many drugs have been advocated to treat systemic 
hypertension in man. A number of agents have been 
used in veterinary applications (Table 35-6), although 
clinical trials to evaluate efficacy are generally lacking. 


DIURETICS 


A diuretic may be chosen to decrease blood volume 
and cardiac output if dehydration is not present. Di- 
uretics have been advocated from human studies!” 
to treat mild-to-moderate hypertension; they have an 
advantage of inexpensive cost. Thiazides inhibit so- 
dium and chloride cotransport across the luminal 
membrane of the early distal convoluted tubule where 
5 to 8 percent of filtered sodium is reabsorbed.'*° They 
are not as effective as loop diuretics. When glomerular 
filtration is significantly impaired, thiazides (except 
metolazone) will be ineffective. A few reports describe 
thiazide use in the dog** 47. 5 and cat.*4 Loop diuretics 
primarily block chloride reabsorption by inhibiting the 
Na*/K*/CIl~ cotransport system of the luminal mem- 
brane of the thick ascending limb of Henle’s loop, 


where 35 to 45 percent of filtered sodium is reab- 
sorbed.'*° Therefore, they have greater potency and a 
more rapid onset of action than do thiazides. Although 
they are no more effective in lowering blood pressure 
than are thiazides in humans, they may be effective in 
the face of severe renal impairment. In hypertensive 
cats, diuretic therapy was not found to be as effective 
as B-blockers or ACE inhibitors.** Potential side effects 
of diuretics include acid-base and electrolyte abnor- 
malities, hypovolemia, and dehydration. 


ADRENERGIC-INHIBITING DRUGS 


Based upon pharmacologic properties, adrenergic 
receptors are subdivided into three major groups: (1) 
B-receptors (which couple to stimulatory G proteins to 
activate adenyl cyclase), (2) a,-receptors (which couple 
to other G proteins to activate synthesis of the second 
messenger, inositol triphosphate and diacylglycerol), 
and (3) a@,-receptors (which couple to inhibitory G 
proteins to inhibit adenyl cyclase).'*! These receptors 
mediate various sympathetic nervous system and car- 
diovascular actions. Additionally, specific receptors dis- 
tinct from a-adrenergic receptors have been identified 
and designated as imidazoline receptors (their activa- 
tion by imidazoline causes a hypotensive effect), al- 
though drugs susceptible to being recognized by imi- 
dazoline receptors are capable of being recognized by 
a,-receptors.'*? Accordingly, a number of drugs act as 
antagonists (used mostly in veterinary medicine) or 
agonists to block or occupy a- or B-receptor sites on 
effector cells. 


BETA-ADRENERGIC RECEPTOR BLOCKERS. The £-blockers 
rival diuretics as the most frequently used class of 
drugs in human antihypertensive therapy, and they are 
used in hypertensive dogs *” and cats.” *+ 37 They 
affect a number of physiologic functions that regulate 
blood pressure," '** including reducing heart rate, 
contractility, and thus cardiac output; diminishing re- 
nin secretion; potentially decreasing central sympa- 
thetic nervous outflow; and inhibiting catecholamine 
release by presynaptic blockade. Clinical selection may 
be influenced by pharmacologic differences between 
B-blocker agents. Lipophilic drugs (propranolol, meto- 
prolol) have high first-pass hepatic metabolism and 
thus less bioavailability. Lipophobic agents (atenolol, 
nadolol) are mainly excreted unchanged by the kid- 
ney, have a longer half-life, and may cause fewer CNS 
side effects. All B-blockers competitively antagonize 
cardiac B,-receptors but vary in their B.-receptor block- 
ade (i.e., vessels, bronchi, endocrine organs). However, 
there may be few antihypertensive differences between 
agents having greater (e.g., atenolol, metoprolol) com- 
pared with weaker (e.g., propranolol) cardioselective 
properties." The cardioselective B,-blocker atenolol 
seems to have the advantage of once-daily administra- 
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tion in many animals, compared with propranolol 
(given every 8 to 12 hours). Compliance can easily be 
monitored with B-blockers, since heart rate should 
decrease markedly from pretreatment baseline values 
when the drug is being administered. For example, 
cats receiving 12.5 mg of atenolol daily or 5 mg of 
propranolol tid should have resting heart rates of 
between approximately 120 and 150 beats/minute. Po- 
tential side effects include bradycardia, CNS depres- 
sion, glucose intolerance, bronchospasm, and hypoten- 
sion. There have been few clinical veterinary trials. In 
one study, propranolol was ineffective as long-term 
monotherapy in treating hypertensive cats." 


ALPHA-ADRENERGIC RECEPTOR BLOCKERS. Two types of 
a-receptors have been defined: presynaptic a.-recep- 
tors, which modulate neurotransmitter activity through 
negative feedback mechanisms that inhibit catechola- 
mine release from nerve endings when these receptors 
are occupied by norepinephrine; and post-synaptic @,- 
(vascular) receptors. Prazosin blocks o,-receptor activa- 
tion by circulating or neurally released catecholamines 
(which normally induces vasoconstriction). This block- 
ade dilates resistance vessels, which reduces peripheral 
resistance without major changes in cardiac output. 
Presynaptic a-receptors remain capable of binding 
neuronally released norepinephrine (neurotransmit- 
ter), inhibiting the latter’s own release and preventing, 
by direct negative feedback, development of reflex 
tachycardia and a rise in plasma renin.'*’ Antihyperten- 
sive efficacy may be limited if plasma norepinephrine 
increases when blood pressure falls, owing to a barore- 
ceptor-mediated increase in plasma norepinephrine.’ 

Prazosin has been effectively combined with diuret- 
ics or B-blockers in humans and has been effective in 
chronic renal failure. Tachyphylaxis to its antihyperten- 
sive action has been reported not to be a problem in 
human studies,'** although it is ineffective in chronic 
heart failure management.!* 


DRUGS BLOCKING BOTH Q- AND §-RECEPTORS. Labetalol, 
a lipid-soluble drug, is a nonselective B,- and B,-recep- 
tor blocker and is highly selective for a,-receptors. 
In humans, it reduces blood pressure by decreasing 
peripheral vascular resistance, with little effect on car- 
diac output. Clinical veterinary use has been limited. 


VASODILATORS 


Various classification schemes for vasodilators have 
been proposed. Those entering vascular smooth mus- 
cle to cause vasodilation have been termed ‘direct 
vasodilators,” whereas drugs acting by other mecha- 
nisms have been called “indirect vasodilators.” The 
latter (e.g., ACE inhibitors, calcium-entry blockers, a- 
receptor—mediated blockers) are described according 
to their cellular site of action or signal mechanism. 


Hydralazine has become a third-line agent (after 
diuretics and B-blockers) in humans. It acts directly to 
relax vascular smooth muscle of peripheral arterioles, 
decreasing peripheral vascular resistance and blood 
pressure. A baroreceptor-mediated reflex enhancing 
sympathetic discharge usually increases heart rate, 
stroke volume, and cardiac output coincident with va- 
sodilation.'’ Nitrates, particularly intravenous sodium 
nitroprusside, are used in the uncommon situation 
when hypertensive crisis is encountered (i.e., situations 
in which immediate blood pressure reduction is 
needed, such as hypertensive encephalopathy). 


ALPHA-ADRENERGIC RECEPTOR AGONIST 
DRUGS 


Drugs acting at the a,-receptor exert their antihyper- 
tensive effect by activating peripheral neuronal pre- 
synaptic Qreceptors to reduce norepinephrine re- 
lease, and by directly activating postsynaptic CNS 
receptors, resulting in decreased sympathetic tract out- 
flow activity. Agents such as clonidine and methyldopa 
have had little clinical use in veterinary medicine, how- 
ever. 


ANGIOTENSIN-CONVERTING ENZYME (ACE) 
INHIBITORS 


These drugs lower blood pressure by inhibiting cir- 
culating levels of angiotensin II.'** The mechanism 
involves inhibiting ACE, which normally converts the 
inactive decapeptide angiotensin I to the potent vaso- 
constrictor angiotensin II. Additional effects likely con- 
tribute to antihypertensive actions. These include de- 
creased aldosterone secretion reducing renal sodium 
retention," increased vasodilatory prostaglandin syn- 
thesis,'** or direct inhibition of vascular hypertrophy.'* 
In addition, ancillary effects of ACE inhibitors (ACEI) 
may include beneficial cardiovascular actions (salutary 
effects on ventricular remodeling and regression of 
hypertrophy); maintain cerebral blood flow; and pro- 
tect renal function (e.g., preferential efferent renal 
arteriolar dilation following reduction of circulating 
angiotensin II increases renal blood flow while reduc- 
ing intraglomerular pressure) .'° 

Monotherapy using ACEI drugs is often chosen for 
initial management of mild-to-moderate human hyper- 
tension, especially if there is proteinuria or heart fail- 
ure. Enalapril, benazopril, lisinopril, ramipril, and 
captopril are ACEIs used in veterinary medicine, Com- 
parison of efficacy and safety has not been studied, but 
enalapril has been found to be safe when used in dogs 
with heart failure.'*” '** Clinical trials evaluating ACEIs 
for hypertension are limited. In one study, enalapril 
provided effective long-term monotherapy in one of 
six cats with hypertension associated with chronic renal 
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disease. A combination with low doses of diuretics 
or B-adrenergic blockers may enhance ACEI efficacy 
and thus, should be contemplated before raising ACEI 
dosage. The tolerated dose of ACEIs may be higher 
when they are used as antihypertensive agents in the 
absence of heart failure and renal insufficiency, or in 
combination with diuretics.” 2 37. 44 47 The greatest 
risk is development of functional renal insufficiency, 
potentially leading to progressive renal failure, espe- 
cially when concomitant diuretic therapy is adminis- 
tered or if heart failure is present. Vomiting, diarrhea, 
and hypotension are also potential side effects.” 


CALCIUM CHANNEL BLOCKERS 


These drugs lower blood pressure by interfering 
with calcium-dependent contractions of vascular 
smooth muscle, thereby reducing peripheral vascular 
resistance.'"” They may also decrease vascular respon- 
siveness to angiotensin II. A number of agents are 
available, differing with respect to sites and modes of 
action on slow calcium channels, cardiovascular activ- 
ity, duration of action, and side effects. First-generation 
agents (verapamil, nifedipine, diltiazem) possess vary- 
ing side effects related to vasodilation, depressed car- 
diac conduction, and contractility. Verapamil exhibits 
both marked arteriolar dilation as well as direct nega- 
tive inotropic action and depresses atrioventricular 
conduction with greater effect on the AV node (versus 
diltiazem, which affects sinoatrial nodal conduction 
more). Since verapamil undergoes substantial first-pass 
metabolism in the liver, drugs or conditions that re- 
duce hepatic blood flow or liver enzyme function pro- 
long its elimination. Half-life for elimination in dogs 
and cats varies between 1 and 5 hours.'*' Diltiazem 
produces hemodynamic and electrophysiologic effects 
similar to those of verapamil, with a comparable half- 
life in dogs, but it causes less myocardial depression 
and undergoes less first-pass hepatic metabolism. In 
cats, a mean bioavailability of 94 percent and an elimi- 
nation halflife of 2 hours were recorded (approxi- 
mately 38% and 7 hours, respectively, for long-acting 
diltiazem CD).'° Nifedipine is a potent arteriolar dila- 
tor but has been little used in veterinary medicine to 
date. Newer second-generation calcium channel block- 
ers such as amlodipine exhibit more peripheral vasodi- 
lation with fewer effects on heart rate or contractility. 

Calcium blockers have become one of the standard 
first-line treatments for essential hypertension in hu- 
mans. Careful monitoring is advised when combining 
diltiazem or verapamil with a B-adrenergic blocker 
because of the potential adverse effects on cardiac 
conduction. Contraindications include second- or 
third-degree AV block, hypotensive states, and myocar- 
dial failure. Side effects include vomiting, diarrhea, 
and hypotension. Verapamil has potent negative ino- 
tropic and chronotropic effects and is infrequently 


used in animals. Anorexia, lethargy, and vomiting were 
seen with verapamil at 1 mg/lb (2 mg/kg) every 8 
hours; 0.5 mg/Ib (1 mg/kg) every 12 hours did not 
lower blood pressure measurements.“ Even less experi- 
ence is available for nifedipine, which has great periph- 
eral vasodilator effects. Diltiazem is relatively safe in 
dogs and cats, having fewer inotropic and chrono- 
tropic effects than has verapamil. Amlodipine adminis- 
tered once daily (0.625-1.25 mg) as a monotherapy 
agent for treating cats with systemic hypertension ap- 
pears to be safe and effective. 119% 


HYPERTENSIVE EMERGENCIES 


Although uncommon, hypertensive emergencies oc- 
cur. These are typically heralded by the clinical sign of 
acute blindness, neurologic signs (especially encepha- 
lopathy, cerebrovascular events), or occasionally malig- 
nant renal disease. The goal of therapy is blood pres- 
sure reduction to levels that ameliorate clinical signs. 
Re-establishment of normal blood pressure is achieved 
by chronic oral therapy. A precipitous drop in blood 
pressure can cause hypotension, cerebral ischemia, 
and neurologic signs, and thus should be avoided.'°® 157 
In dogs, B-blockers (propranolol, 5 to 40 mg orally 
tid) or vasodilators (hydralazine, 1.0 to 2.0 mg/kg 
orally bid, or prazosin, 1 to 2 mg orally bid-tid) may 
be first-choice agents. In cats, the calcium channel 
blocker amlodipine (0.625 mg orally daily), the B- 
blocker propranolol (2.5 to 7.5 mg orally tid), or aten- 
olol (6.25 to 12.5 mg orally sid-bid) can be selected. 
Animals with severe clinical signs or who have not 
responded to these drugs may receive, under scrutiny 
of continuous blood pressure monitoring, sodium ni- 
troprusside (start at 0.5 to 1 wg/kg/min, constant rate 
infusion, titrate to effect, usually a maximum of 5 
pg/kg/min [beware of cyanide toxicity in cats]) or the 
ultrashort acting B-blocker esmolol (500 g/kg/min 
intravenously slowly to load; 50 to 250 pg/kg/min, 
constant rate infusion, to effect [beware of bradycar- 
dia, heart block, negative inotropism]). 


PATIENT MONITORING 


Surveillance of the hypertensive animal is important 
whether or not treatment is administered. This in- 
cludes repeated blood pressure measurements, physi- 
cal examinations, diagnostic tests individualized to de- 
tect end-organ changes, and monitoring for side 
effects associated with therapy. Initially, repeat exami- 
nations may be required every | to 2 weeks until the 
animal is stable. Thereafter, evaluation is dictated by 
clinical status. 
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Animals taking antihypertensive medications may 
not be able to autoregulate well, especially if they have 
significant systemic or metabolic disease. Care must 
therefore be taken to avoid or treat related complica- 
tions such as hypotension, dehydration, anorexia, or 
use of hypotensive anesthetics.'*’ 


PROGNOSIS 


The prognosis depends on the cause of the hyper- 
tension and the extent of end-organ damage. Animals 
with essential hypertension may live many years. Vision 
may improve if the onset of blindness was acute, but 
renal function often does not get better and may dete- 
riorate, especially in dogs who present with azotemia.”* 
Many cats with systemic hypertension can be well man- 
aged with amlodipine.** 8 110a, 1541554 Dogs with hyper 
adrenocorticism and cats with hyperthyroidism gener- 
ally do well with treatment of the underlying disease 
and, if necessary, antihypertensive drug administra- 
tion. Dogs with essential hypertension have been main- 
tained for years without renal compromise.** 47. 48 
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THE ROLE OF CARDIOVASCULAR 
PATHOLOGY IN PRACTICE 


Clinical interest in veterinary cardiology began in the 1960s, stimulated 
by information gained from postmortem evaluations. Despite many scientific 
advances, the goal of reducing cardiovascular morbidity and mortality re- 
mains one of the most vexing challenges. Accordingly, interaction between 
practitioner and pathologist is essential to maximize clinical insight, validate 
diagnostic and treatment methods, and determine pathologic consequences 
of heart disease (Table 36-1).' 


EXAMINATION OF THE HEART AND GREAT VESSELS 


A thorough and careful cardiovascular autopsy is well worth the time and 
effort. Dissection techniques are best guided by clinical information, as 
necropsy without insightful clinical input reduces useful outcome. Cardiovas- 
cular anatomy and methods for examining the heart are described in chap- 
ters 2 and 37, respectively. Detection of gross or histologic cardiovascular 
lesions may suggest but not guarantee related clinical signs. Lesions can 
be directly associated with functional significance, or they may hold little 
relationship to clinical signs and prognosis. 


HEART FAILURE 


Heart failure is not a disease but a clinical syndrome. It is usually associated 
with severe cardiovascular structural or functional abnormalities, sympathetic 
and renin-angiotensin-aldosterone system activation (chapters 3, 11), and 
poor prognosis. Congestive heart failure is said to be present when transcapil- 
lary fluid movement exceeds compensatory lymphatic drainage owing to 
elevated venous pressures, and plasma filtrate accumulates in the lungs as 
pulmonary edema, or in serosal body cavities as effusions. 
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CARDIOVASCULAR RESPONSES AND 
PATHOLOGY IN HEART FAILURE 


Cardiovascular pathology may be directly attribut- 
able to congenital or acquired diseases causing struc- 
tural, functional, or inflammatory abnormalities. In 
addition, lesions may result from altered hemodynam- 
ics, neuroendocrine or immune system activation, or 
metabolic derangements.” * Extracardiac manifesta- 
tions of a failing heart are often present. 


CARDIAC HYPERTROPHY 


One of the major cardiac adjustments to increased 
demand for cardiac work is compensatory hypertro- 
phy.” Two classic forms of left ventricular hypertrophy 
have been described.” In concentric hypertrophy, ventricu- 
lar wall thickening results from adding sarcomeres in 
parallel without an increase in internal chamber diam- 
eter. It is a typical response to pressure overloads such 
as aortic stenosis or sustained severe arterial hyperten- 
sion, and it is related to increased ventricular systolic 
wall tension and increased afterload.* Eccentric hypertro- 
phy causes a proportional increase in ventricular wall 
thickness and internal chamber diameter via synthesis 
of sarcomeres in series. It is common in volume over- 
load and is associated with a number of adverse conse- 
quences, including increased diastolic wall tension.’ 


MYOCARDIAL CELL DEATH 


Two mechanisms of cell death have been reported. 
One is accidental cell death through necrosis. The 
other is programmed death through apoptosis. Each 
has certain distinguishing features (Table 36-2). 


Necrosis 


Cellular necrosis, a passive process resulting from 
lethal insult, is characterized by cell membrane rup- 
ture and associated inflammation.’ This is typified by 
cellular swelling, loss of cell membrane integrity and 
breakdown, nuclear chromatin clumping into poorly 
defined masses, swelling and disruption of sarcoplas- 


TABLE 36-1 
Five Key Cardiovascular Questions to Ask When 
Seeking to Optimize Clinical Outcome 


1. When is the heart anatomically normal? 

2. When is the necropsy examination not the gold standard 
for diagnosis? 

3. Are necropsy abnormalities (when present) related to the 
cause of death and clinical signs during life? 

4. Are detectible cardiovascular abnormalities helpful for 
prognosis? 

5. How do autopsy or biopsy findings improve accuracy of 
noninvasive tests and therapies? 


TABLE 36-2 


Characteristic Differences: Cell Death Caused by 
Necrosis and Apoptosis? 


Necrosis 


Apoptosis 


Morphologic Differences 
Cell death 


Cell membrane changes 


Cell morphology changes 


Inflammatory response 


Phagocytosis 


Lysosomal integrity 


Chromatin changes 


Biochemical Characteristics 
Energy 


Process 


Synthesis requirements 


Gene transcription 


Effects on DNA 


Cells die in groups 


Loss of integrity 


Cellular swelling 
and lysis 


Yes 
By macrophages 


Leakage 
Clumping and 
poorly defined 
aggregation 


Required 


Loss of ion 
homeostasis 
regulation 


No requirement 
for protein or 
nucleic acid 
synthesis 


No new 
transcription 


Random DNA 
digestion 


Deletion of single 
cells 

No integrity loss; 
membrane 


blebbing 


Cells shrink 
(ultimately form 
“apoptotic 
bodies”) 

No 


By adjacent 
normal cells, some 
macrophages 
Intact 

Compacted into 
uniformly dense 
material 


Not required 


Tightly regulated 
process (synthetic 
and activation 
steps) 

Requires 
macromolecular 
synthesis 


De novo 
transcription 
Nonrandom 
oligonucleosomal 
length DNA 
fragmentation 


From Thompson HJ, Strange R, Schedin PJ. Apoptosis in the genesis and 
prevention of cancer. Cancer Epidemiol Biomarkers Prev 1:597-602, 1992, 


with permission. 


mic reticulum and mitochondria, formation of granu- 
lar mitochondrial matrix densities, and loss of calctum 
and electrolyte homeostasis. These morphologic de- 
rangements often play a vital role in the deterioration 
of cardiac function (Figs. 36-1 through 36-5). 


Apoptosis (Programmed Cell Death) 


Apoptosis, also known as “programmed cell death,” 
occurs in the absence of cell membrane rupture and 
inflammation. It is an active, regulated, energy-requir- 
ing process under genetic control,*"" characterized by 
nuclear DNA fragmentation. Nuclear chromatin be- 
comes compacted and segmented into sharply deline- 
ated masses along the nuclear margins; the cytoplasm 
condenses; nuclear fragmentation occurs; the cell sur- 
face develops pediculated protuberances and separates 


FIGURE 36-1 


Histologic section of ventricular septal myocardium 
from a 4-year-old male Doberman pinscher with 
dilated cardiomyopathy. Myocytes are elongated, 
wavy, and attenuated and are surrounded by 
extracellular ground substance. Substantial areas of 
myocyte degeneration and myocytolysis are seen. 
Notice a centrally situated region of extensive 
myocyte loss with substituted extracellular edematous 
ground substance. H&E stain X 100. 


into membrane-bound “apoptotic bodies” which are 
phagocytized by adjacent cells. Morphologic and bio- 
chemical features of cardiocyte apoptosis have been 
reported in canine left ventricular myocardium with 
experimental chronic heart failure,’ and in humans 
with end-stage cardiomyopathy. Cardiocyte apoptosis 
may thus play a role in heart failure. 


PATHOLOGIC ALTERATIONS OF MYOCYTE- 
CONNECTIVE TISSUE 


The heart is composed of parenchyma and stroma. 
Parenchyma consists of cardiac myocytes that are 
highly differentiated and perform specialized func- 
tions. Stroma contains cellular elements, including fi- 
broblasts and macrophages, which, in contrast, are 
not well differentiated, and whose physiologic behavior 
and phenotype are affected by circulating and local 
chemical mediators and signals." 


FIGURE 36-2 


Histologic section of left ventricular free wall 
myocardium from a domestic short-hair cat with 
hypertrophic cardiomyopathy. There is an extensive 
region of massive replacement fibrosis (lighter 
appearing tissue relative to darker staining myocytes 
to the left of this image). Myocyte degeneration is 
also evident. Masson’s trichrome stain X 40. 
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Fibrosis 


Fibroblasts have extensive clonal heterogeneity and 
diversity with regard to morphology, structural protein 
synthesis, receptor expression, and their response to 
regulatory molecules.’ Fibrosis represents dispropor- 
tionate stromal growth with increased myocardial colla- 
gen content. Abnormal fibrous tissue can be perivascu- 
lar, interstitial, or endocardial in location. It can result 
from tissue irritation, invasion, and other causes and 
is deemed reactive fibrosis. Reparative (replacement) fibrosis 
represents microscopic scarring in response to myocyte 
necrosis from any cause (see Fig. 36-2; see also Color 
Plates 11 and 12). Pathologic myocardial remodeling 
results when either form of fibrosis occurs." 

Mechanisms that dictate how and when myocytes 
have been irreversibly injured, and thus destined for 
necrosis and potentially reactive or replacement fibro- 
sis, are obscure. In cardiomyopathic cats, widespread 
focal myocardial cell death and replacement fibrosis 
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FIGURE 36-3 


Histologic section of myocardium from an 18-month- 
old male, domestic short-hair cat with myocarditis. 
Notice focal infiltration of lymphocytes, plasma cells, 
and neutrophils within and adjacent to myocytes. 
Myocyte degeneration and necrosis are evident, 
especially toward the bottom right of this 
photomicrograph. H&E stain X 150. 


` 


FIGURE 36-4 FIGURE 36-5 


Histologic section from the ventricular septum of a 6-year-old Histologic section of ventricular septal myocardium from a cat with 
domestic short-hair cat with hypertrophic cardiomyopathy. Notice hypertrophic cardiomyopathy. Three abnormal intramural 

the marked myofiber disorganization; instead of the normal coronary arteries are evident. They exhibit severe luminal 

parallel myocyte orientation, the myocytes are arranged at oblique narrowing due to smooth muscle proliferation and increased 

or perpendicular angles constituting type I fiber disarray. In connective tissue elements (‘‘small vessel disease”). There is also 
addition there is some myocytolysis, and myocytes are separated by mild to moderate intermyocyte fibrosis and diffuse myocytolysis, 
severe plexiform fibrosis. H&E stain X 100. which is predominant adjacent to regions of fibrosis. H&E stain X 


100. 


occur, which influences myocardial dysfunction, mor- 
bidity, and mortality. As has-been described in hyper- 
trophic cardiomyopathy, cardiomyocyte cell death and 
fibrosis is frequently located proximal to abnormal 
intramural coronary arteries, suggesting an associa- 
tion.!* 14 

Morphologic studies of fibrous tissue responses in 
experimental models of arterial hypertension suggest 
a causal relationship between progressive structural 
myocardial remodeling that includes perivascular fi- 
brosis extending into the interstitial space, and activa- 
tion of the renin-angiotensin-aldosterone system.’ '° 
The activities of fibroblast-like cells (myofibroblasts) to 
regulate collagen turnover are the subject of much 
investigation. These cells elaborate type III and then 
type I collagen, which is the major fibrillar collagen in 
fibrous tissue.'” '* 


Interstitial Matrix Changes 


Myocytes are enmeshed in an elaborate stromal 
framework containing collagen, elastin, and other ele- 
ments.” The interstitial matrix, of which collagen is 
the major component, represents networks of pericel- 
lular, interstitial, and fascicular connective tissue. Myo- 
cardial cells are diffusely interconnected by this con- 
nective tissue framework, which is composed of struts, 
pericellular weaves, and coiled perimysial fibers. This 
internal myocardial skeletal framework is thought to 
participate in myocardial function, integrate individ- 
ual myocytes into three-dimensional conformational 
changes during systole, and contribute to myocardial 
compliance during diastole. When altered in cardiac 
disease, abnormal matrix architecture may contribute 
to cardiac dysfunction.** *! Unlike pathologic fibrosis, 
which can be identified by standard hematoxylin and 
eosin or Masson’s trichrome stain, matrix components 
can only be visualized histologically by specialized 
staining techniques (Fig. 36-6). 


PULMONARY EDEMA 


Left-sided heart failure results in pulmonary edema. 
Edematous lungs are wet and heavy, may not float, do 
not collapse completely when the thorax is opened, 
and ooze edema fluid from cut sections. Interstitial 
edema may be clear or slightly yellow. Hemorrhage 
causes a pinkish staining of fluid or foam. Microscopi- 
cally, edema fluid is acidophilic or faintly granular, 
filling alveoli, interstitium, and lymphatics. Protein 
content is very low. Capillaries and lymphatics are dis- 
tended. Intra-alveolar hemorrhage is evident. Alveolar 
macrophages (“heart failure” cells) containing eryth- 
rocytes or hemosiderin are present and increase with 
the duration of edema. Chronic cardiogenic edema 
and associated pulmonary hypertension may cause 
muscular hypertrophy of small pulmonary arteries and 
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FIGURE 36-6 

Histologic section of ventricular septal myocardium from a 
domestic short-hair cat with restrictive cardiomyopathy. The 
morphology of interstitial collagen connective tissue is markedly 


altered and includes increased bundles of perimysial coils and 
accentuated fibrous weaves. Modified Hortega silver stain X 150. 


fibrous thickening of pulmonary capillary walls. Occa- 
sionally, in fulminant, terminal pulmonary edema, leu- 
kocytes accumulate in pulmonary capillaries, endothe- 
lial damage and alveolar type I epithelial cells are 
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noted, and fibrin-rich fluid fills the alveoli.” 


EFFUSIONS 


Right-sided heart failure is characterized by abdomi- 
nal, pleural, and/or pericardial effusions, which are 
generally sterile, obstructive transudates. Smears con- 
tain a mixture of blood cells and lymphocytes, with a 
nucleated cell-to—red cell ratio roughly equal to that 
of blood, and some mesothelial cells. With time, the 
effusion becomes modified and acquires greater num- 
bers of inflammatory cells and increased protein. In 
long-standing effusions, mesothelial cells and macro- 
phages may exhibit erythrophagia.** ** Occasionally, 
chylous effusion may occur; it appears milky white, 
with mostly lymphocytes and variable numbers of neu- 
trophils, depending on the duration and degree of 
pleuritis.” With long-standing pleural effusions of 
modified transudate or chyle, pleuritis may cause lung 
lobe borders to become fibrotic or even collapse. 
Chronic ascites or pericardial effusion may result in 
fibrin deposition, especially evident around the liver 
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in the former, and adherent to epicardial surfaces in 
the latter. 


HEPATIC CONGESTION 


Passive hepatic congestion accompanying chronic 
right-sided heart failure causes time-related pathologic 
changes.” Acute passive congestion results in a swollen 
liver that appears dark and bloody when sectioned. 
Little accentuation of the acinar pattern is evident. 
Extruded hepatic lymph is rich in clotting factors and 
may cause large fibrin deposits on the capsule or be- 
tween lobes. Microscopically, there is uniform sinusoi- 
dal engorgement, with rapidly following fatty change, 
atrophy, and necrosis of periacinar hepatocytes. More 
chronic passive congestion causes the capsule to as- 
sume a finely nodular texture. Edges of the central 
lobes become rounded. A reticulated acinar pattern is 
evident in sliced sections. This “nutmeg” appearance 
is caused by the contrast of red-colored periacinar 
necrosis and blood replacement with pale, slightly 
raised periportal tissue composed of fatty hepatocytes. 
Histologically, fibrous tissue infiltrates the stroma and 
periacinar zones, outlining simple and compound 
acini (“cardiac fibrosis”). 


CLINICAL PATHOLOGY 


A variety of laboratory tests may be useful in diagnos- 
ing cardiovascular abnormalities, assessing the effects 
of drugs or cardiovascular disease on other organ sys- 
tems, and revealing systemic and metabolic disorders 
causing or precipitating heart failure (chapter 33). 
Anemia and thyrotoxicosis may result in high-output 
heart failure (chapter 34). Hyperthyroidism and 
chronic renal failure may cause arterial hypertension 
(chapter 35). Elevations of serum creatine kinase, lac- 
tate dehydrogenase, aspartate aminotransferase, and 
alanine aminotransferase may accompany coagulopa- 
thies associated with systemic thromboembolism 
(chapter 28). Heartworm testing, cytologic evaluation 
of effusions, biochemical profiles, and other tests pro- 
vide useful information in selected cases. 


CONGENITAL 
CARDIOVASCULAR DISORDERS 


Congenital cardiovascular malformations are often 
dynamic anomalies that originate in fetal life (chapter 
1) and change during postnatal development (chapter 
24).2” They represent structural abnormalities of the 
heart, valves, or great vessels and constitute a small but 
clinically important cause of cardiovascular disease in 
dogs and cats (chapters 23, 24).°* In canines, the inci- 


dence has been reported as 6.8 (0.68%) per 1000 dogs 
at the University of Pennsylvania during 1987 to 1989, 
and 8.5 per 1000 dogs from the nationwide Veterinary 
Medical Data Base during the same interval.” In fe- 
lines, a necropsy incidence of 28 per 1000 autopsies 
(2.8%) was reported at Angell Memorial Hospital?” 
and 19 per 1000 necropsies at the Animal Medical 
Center.*! Inherited arrhythmias are rare, but ventricu- 
lar arrhythmias and sudden death have been reported 
in German shepherd dogs.” 


VENTRICULAR OUTFLOW 
OBSTRUCTIONS 


AORTIC STENOSIS 


Congenital fixed obstruction to left ventricular out- 
flow can be valvular, subvalvular, or supravalvular and 
may be accompanied by other defects. In dogs, the 
stenosis is usually subvalvular and represents one of 
the most important canine developmental anoma- 
lies;** °° isolated valvular and supravalvular stenosis are 
rare. Subaortic stenosis (SAS) is generally caused by a 
subvalvular fibrous ring obstructing the LV outflow 
tract (see Figs. 8-19; 24-12, 24-19). A mode of inheri- 
tance has been reported in Newfoundland dogs as 
polygenic or autosomal-dominant (with modifiers). 
This subvalvular obstruction may not necessarily be 
present at birth and may develop within the first 4 to 
8 weeks.” 

In cats, subvalvular (see Fig. 24-22A) and supravalvu- 
lar forms of congenital aortic stenosis have been rarely 
described;* *! % 3 some cases may be confused with 
variants of hypertrophic cardiomyopathy. 


GROSS FINDINGS. Several morphologic types of canine 
SAS have been described from necropsy: (1) grade 1 
indicates the mildest form, in which small, slightly 
raised nodules are present on the endocardial surface 
of the interventricular septum immediately below the 
aortic valve; (2) grade 2 indicates a narrow fibrous 
ridge extending partially around the LV outflow tract; 
(3) grade 3 represents the most severe form, in which 
a subaortic fibrous band, ridge, or collar completely 
encircles the LV outflow tract.** *” In the most severe 
cases, a fibromuscular collar can insert onto the ante- 
rior mitral valve leaflet. Aortic valve leaflets may be 
thickened. The pressure overload of moderate to se- 
vere SAS causes LV pressure overload and associated 
concentric LV hypertrophy; left atrial hypertrophy re- 
sults from the elevated pressures required to fill the 
thick, stiff left ventricle; poststenotic dilatation of the 
ascending aorta occurs with moderate to severe SAS 
(see Figs. 24-15, 24-22). Jet lesions may be present. 
Bacterial endocarditis involving the aortic valves may 
result from valvular endothelial injury. A less common 


form of fixed obstruction to LV outflow is a “tunnel” 
or “tubular” aortic stenosis in which a fibromuscular 
channel occupies a portion of the LV outflow tract. 

In felines, aortic valve leaflets are usually malformed 
regardless of the stenotic location. Affected cats are 
often stunted, and acute heart failure has been re- 
ported to develop before 18 months of age.” 


HISTOLOGIC FEATURES. The stenotic ring consists of 
collagen, loosely arranged reticular fibers, elastic fi- 
bers, ground substance, and, occasionally, cartilage in 
severe lesions.” Severe fibrous lesions may encroach 
upon or affect the aortic valve cusps, which may them- 
selves be somewhat fibrotic. In cases of moderate to 
severe aortic stenosis, myocardial fibrosis may be pres- 
ent (see Fig. 24-13). Intramural coronary artery abnor- 
malities may be detected, including connective tissue 
and smooth muscle proliferation and degeneration of 
the vascular media.** 3 


PULMONIC STENOSIS 


Pulmonic stenosis (PS) is a common canine congeni- 
tal heart defect,” “- but it is rarely detected as an 
isolated lesion in the cat.) -8 Obstruction to right 
ventricular ejection may occur at the infundibular, sub- 
valvular, valvular, or supravalvular locations. In dogs, 
pulmonary valve dysplasia is the most common form 
of PS (see Figs. 24-2, 24-3, Color Plate 3). Pulmonic 
stenosis has a hereditary basis in certain canine breeds 
and has been shown to have a polygenic mode of 
transmission in beagles.” It may be accompanied by 
other defects, especially tricuspid dysplasia. In cats, 
isolated lesions are rare, but dysplasia of the pulmonic 
valve and infundibular hypertrophy have been re- 
ported.*“* Valvular or subvalvular PS or both are com- 
ponents of tetralogy of Fallot. Pulmonary artery atresia 
represents the extreme variant of PS. Dogs may be 
asymptomatic or develop low cardiac output with syn- 
cope or lethargy, or right-sided heart failure. Felines 
are usually stunted, display intermittent dyspnea and 
cyanosis, and ultimately die within the first year of 
life. 4 


GROSS FINDINGS. In beagles with pulmonary valve ste- 
nosis, gross abnormalities comprised a spectrum of 
lesions graded as follows:* grade 1 — slight thickening 
of pulmonary valve leaflets with little or no fusion or 
hypoplasia, resulting in little or no outflow tract gradi- 
ent; grade 2 — moderate to severe thickening of pul- 
monary valve leaflets with fusion and/or hypoplasia 
resulting in moderate to severe outflow obstruction. 
Other forms of PS are characterized by stricture of the 
main pulmonary artery above the valve (supraventricu- 
lar PS) or narrowing of the right ventricular outflow 
tract proximal to the pulmonic valve (subvalvular PS). 
Some dogs with valvular PS have fibrous thickening 
immediately below the valves. The pulmonic valve 
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annulus may be hypoplastic (see Fig. 24-2). Moderate 
to severe PS causes poststenotic dilatation of the main 
pulmonary artery (see Figs. 8-20A; 24-8, 24-10); RV 
pressure overload with associated right ventricular hy- 
pertrophy (see Figs. 8-20B; 24-9); and tricuspid insuf- 
ficiency with RA enlargement (see Fig. 24—5).*” Anoma- 
lous coronary artery development may occur in some 
dogs, particularly brachycephalic breeds (see Fig. 24— 
3), in which a single coronary artery encircles the 
stenotic RV outflow outlet and valve.” 


HISTOLOGIC FEATURES. Valvular changes include thick- 
ening of the pulmonary valve spongiosa with loosely 
arranged connective tissue; bands of fusiform cells in 
a dense collagen network; and blood-filled, endothe- 
lium-lined spaces. The fibroelastic band of the reticu- 
laris layer may be fragmented, reduced, or absent.” ” 


OBSTRUCTION TO ATRIAL INFLOW: 
MITRAL AND TRICUSPID STENOSIS AND 
COR TRIATRIATUM 


Although these disorders have been reported infre- 
quently, the increasing use of echocardiography 
should increase antemortem diagnosis. Physiologic 
consequences are related to elevated venous filling 
pressures and secondary venous hypertension. 


MITRAL AND TRICUSPID STENOSIS 


Congenital mitral stenosis (MS) or tricuspid stenosis 
(TS) may involve the atrioventricular valve apparatus 
(i.e., annulus, valve leaflets, chordae tendineae, and 
papillary muscles), or occur immediately above or con- 
tiguous with the annulus (see Figs. 24-54, 24-56).*” 
151 In dogs, mitral stenosis may be more common 
in breeds that are prone to congenital mitral valve 
malformations, such as the bull terrier and Newfound- 
land, and may be associated with other cardiac malfor- 
mations.*” * In cats, reports of MS are limited but 
suggest that the lesion may be associated with mitral 
valve complex malformation or, less commonly, a su- 
pravalvular membrane.” Left atrial enlargement (see 
Fig. 24-59) results principally from obstruction of 
transmitral flow and secondarily from mitral regurgita- 
tion. Left-sided CHF was observed in 11 of 15 affected 
dogs within 1 year of diagnosis in one study,” and in 
all 3 cats from another report.*' Infrequently, MS may 
result from intracardiac tumors or vegetative endocar- 
ditis in dogs, or from left atrial ball thrombi in cats. 

Tricuspid stenosis is rare.?® 31. 52 5* Some cases may 
represent severe states of tricuspid valve dysplasia for 
which Labrador retrievers appear to be at increased 
risk.” Severe TS may cause pronounced RA enlarge- 
ment and right-sided heart failure. 
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COR TRIATRIATUM 


This rare lesion is caused by partition of either 
atrium by an intra-atrial membrane of disputed em- 
bryogenesis, resulting in two compartments joined by 
an opening or openings. The size of these openings 
determines the degree of obstruction. Cor triatriatum 
dexter (see Fig. 24—60) is caused by an anomalous sep- 
tum located within the right atrium or at the junction 
of the caudal vena cava and right atrium.***’ This 
usually results in clinical manifestations of a Budd- 
Chiari-like syndrome (postsinusoidal portal hyperten- 
sion with hepatomegaly and ascites). Cor triatriatum 
sinister results from an LA partition.” Pulmonary 
edema may develop. 


ATRIOVENTRICULAR VALVE DYSPLASIA 
AND INSUFFICIENCY 


Malformations of the AV valves are prevalent in cats, 
in which they constitute the most common congenital 
disorder.*~'” In dogs, they are reported less frequently 
but predominantly in large breeds. Abnormalities com- 
prise a broad spectrum of structural and functional 
derangements in either the mitral or tricuspid valve 
complex—i.e., the annulus, AV valve leaflets, chordae 
tendineae, papillary muscles, and associated myocar- 
dium. Generally, malformation causes atrioventricular 
valve incompetence, but it may occasionally result in 
stenosis. Other congenital heart anomalies may be 
present in affected animals, and malformations of both 
AV valves often occur concomitantly. 


GROSS FINDINGS. Atrioventricular valve complex alter- 
ations (see Figs. 24-54 to 24-56) may include enlarged 
annulus; valve leaflet shortening with thickening, 
rolled edges, or fused commissures; chordae tendineae 
that are shortened and thickened (occasionally length- 
ened), with abnormal valve leaflet attachments and 
alignments (sometimes horizontally attached to leaf- 
lets); upward malposition of atrophic or hypertrophic 
papillary muscles; or insertion of one papillary muscle 
directly into one or both valve leaflets. With tricuspid 
valve dysplasia, there may be adherence or direct inser- 
tion of the septal leaflet onto the right ventricular 
wall. Severe valve dysplasia may result in greater than 
normal heart weights, eccentric dilation of the affected 
ventricle, and marked atrial enlargement and hyper- 
trophy. Congestive heart failure occurs in severe cases 
due to volume overload. 


HISTOLOGIC FEATURES. There is proliferation of spon- 
giosa, hypoelastification, and irregular arrangement of 
fibrosa in affected leaflets. Endothelium-lined, blood- 
filled cysts may occur in valve tissue. 


CONGENITAL DEFECTS CAUSING 
SYSTEMIC-TO-PULMONARY (LEFT-TO- 
RIGHT) SHUNTING 


PATENT DUCTUS ARTERIOSUS 


Normally the ductus arteriosus closes during the first 
few days of life. If it remains patent, it causes left-to- 
right shunting of blood from the aorta to pulmonary 
artery and lungs and, thus, increased venous return to 
the left heart (see Figs. 1-5; 24-40). Patent ductus 
arteriosus (PDA) is the most commonly reported ca- 
nine congenital heart anomaly” ***” and is well recog- 
nized in the cat. An inherited mode of transmission 
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has been described in canines.’ 


GROSS FINDINGS. The PDA opens into the main pul- 
monary trunk just proximal to the pulmonary artery 
bifurcation (see Figs. 8-16; 24-22A, 24-39). In left-to- 
right shunting PDA, increased volume overload causes 
left ventricular dilation and hypertrophy; left atrial 
dilation; enlargement of the aortic arch (descending 
aorta) at the level of the PDA; and enlargement of the 
main pulmonary artery. The main pulmonary artery 
may be dilated and display intimal fibrosis (i.e., jet 
lesions) near the ductus. Congestive heart failure (usu- 
ally left-sided, occasionally biventricular) occurs in 
most animals if the PDA remains uncorrected. A non- 
patent forme fruste diverticulum may occur in which the 
ductus is completely closed at one end (usually at the 
pulmonary artery junction), causing an aortic ductus 
diverticulum.”* ° ©, 6. 7 At least four clinical types of 
PDA with varying patency have been described: type I 
(small PDA), no aneurysm; type II (medium-sized), 
small to medium-sized aneurysm; type 3a (large PDA 
before CHF), marked left-sided heart enlargement and 
medium to large ductus; type 3b (large PDA plus 
CHF), other conditions similar to 3a; and type 4 (large 
PDA plus pulmonary hypertension [cyanotic heart dis- 
ease]), large RA, RV, and main pulmonary artery.” 
Occasionally, an aorticopulmonary septal defect (i.e., 
“window”) occurs between the ascending aorta and 
pulmonary trunk rather than a patent ductus arterio- 
sus.” 

If pulmonary hypertension develops, RV hypertro- 
phy may occur (see Fig. 24~41B, C). In right-to-left 
shunting PDA, a large-diameter ductus may be present 
with pulmonary arterial medial hyperplasia, RV hyper- 
trophy, and hypoplasia of the LV, LA, and ascending 
aorta. 


HISTOLOGIC FEATURES. In the dog, failure of the duc- 
tus to close results from lack of normal or asymmetric 
distribution of ductus-specific, circumferential smooth 
muscle in the fetal ductal wall and a reciprocal increase 
in elastic tissue in areas that should be muscular.” 
These abnormalities preclude normal ductal sphincter 


closure in response to increased oxygen tension after 
birth. 


ATRIAL SEPTAL DEFECTS 


Atrial septal defects (ASDs) represent a through- 
and-through communication between the atria.?* 7°! 
Although shunting depends upon the caliber of the 
orifice and the relative degree of systemic and pulmo- 
nary circulatory resistance, blood usually shunts from 
the left to the right atrium (see Fig. 24-27; Color 
Plates 7-9). Isolated ASDs are rare in dogs and cats;?* 
%0, 74 7-81 they comprise an important component of 
the endocardial cushion defect occurring most often 
in felines.” 7 ASDs are often present with other con- 
genital heart anomalies (see Fig. 24-26). Large defects 
with left-to-right shunts are uncommon, but when pres- 
ent, may cause a volume overload and associated en- 
largement of the RA, RV, and main pulmonary artery. 


GROSS FINDINGS. Classification of ASDs is based upon 
the anatomic region of the malformation (see Fig. 
1-3). Ostium primum defects lie in the lower atrial 
septum (see Figs. 24—25; 24-26B). They are uncom- 
mon as isolated lesions and are more significant when 
they form part of a common AV canal (endocardial 
cushion defect). Ostium secundum defects are the most 
common type; these involve the region of the fossa 
ovalis forming in the middle portion of the interatrial 
septum (see Figs. 8-2; 24-25). Ostium secundum de- 
fects may result from a shortened valve of the foramen 
ovale, excessive or ectopic resorption of the septum 
primum, or a deficiency of septal growth. Sinus venosus 
ASD is a rare variant of ostium secundum ASD, oc- 
curring high in the atrial septum at the junction of 
the cranial vena cava (see Fig. 8-3).*’ A patent foramen 
ovale (see Fig. 24-26A) is not a true ASD since atrial 
septa are present. It may be detected with conditions 
that increase right atrial pressure (tricuspid insuffi- 
ciency or tricuspid stenosis, or severe pulmonic steno- 
sis). Its flaplike valve permits blood flow only from the 
right to left atrium. 


ATRIOVENTRICULAR SEPTAL DEFECTS 
(ENDOCARDIAL CUSHION DEFECT) 


Patency of the atrioventricular septum has tradition- 
ally been known as an endocardial cushion defect. This 
was based upon the assumption that endocardial cush- 
ion tissue contributes significantly to formation of adja- 
cent atrial and ventricular septal structures and con- 
tiguous AV valve leaflets (see Fig. 1-3).* As this mor- 
phogenesis has been called into question, the term 
atrioventricular septal defect has come to designate a 
group of lesions in which the atrioventricular septum 
is absent. This malformation is relatively common in 
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the cat. Complete endocardial cushion defects have 
been termed common AV canai, as all four cardiac cham- 
bers communicate. Affected animals usually develop 
severe, generalized cardiomegaly, are stunted, and die 
of CHF before 1 year of age.” °° 74-76 


GROSS FINDINGS. Predominant features include ab- 
sence of atrioventricular septum; a common atrioven- 
tricular orifice with a common fibrous ring—or sepa- 
rate right and left AV valvular components; and 
malformation of AV valves, including cleft anterior 
mitral leaflet or common atrioventricular valve that 
guards the orifice. The common AV orifice lies along 
the same horizontal plane, whereas normal AV valves 
have two separate orifices that lie in different planes. 


VENTRICULAR SEPTAL DEFECTS 


Ventricular septal defects (VSDs) are relatively com- 
mon in cats and perhaps occur less frequently in 
dogs.?” 9% 74. 84.8 Most are left-to-right shunting, restric- 
tive VSDs, since the defect is usually small and systemic 
pressures exceed right heart pressures (see Fig. 24-35; 
Color Plates 8, 9). They may also be components of 
other malformations (tetralogy of Fallot, endocardial 
cushion defect) and frequently appear with other dis- 
orders such as AV malformations in cats. 


GROSS FINDINGS. Most isolated, restrictive VSDs are 
located high in the membranous portion of the inter- 
ventricular inlet septum, just beneath the septal tricus- 
pid valve leaflet (see Figs. 8-17A; 24-31, 24-32). As 
viewed from the left ventricular outflow tract, they 
appear just beneath the aortic valve. When viewed 
from the right ventricle, they are often described rela- 
tive to the crista supraventricularis of the ventricular 
inlet or outlet. They may be partially occluded by the 
tricuspid leaflet. Prolapse of an aortic valve cusp into 
the defect may occur (see Fig. 24-33). Rarely, VSDs 
may occur at other sites throughout the septum (see 
Fig. 8-178). In large, nonrestrictive VSDs in which pul- 
monary vascular resistance is normal, substantial left- 
to-right shunting develops; much of the shunt volume 
is pumped through the VSD into the pulmonary ar- 
tery, to the lungs, and then returned to the LA, impos- 
ing a large volume overload to the left heart. Left 
atrial and ventricular enlargement and pulmonary 
edema may develop. If ventricular pressures equili- 
brate, right ventricular hypertrophy results. 


PULMONARY-TO-SYSTEMIC (RIGHT-TO- 
LEFT) SHUNTING HEART DISEASES 


Sometimes termed cyanotic heart disease, various le- 
sions result in pulmonary-to-systemic shunting and ar- 
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terial denaturation. This may occur when defects occur 
between pulmonary and systemic circulations, coupled 
with increased pulmonary afterload. The latter may 
result from obstruction to right ventricular blood flow, 
such as pulmonary stenosis or increased pulmonary 
vascular resistance. In this fashion, right-to-left 
shunting may occur with PDA, aorticopulmonary win- 
dow, VSD, and ASD.” Right ventricular hypertrophy 
results from increased resistance to RV outflow. 


PULMONARY LESIONS WITH EISENMENGER’S 
PHYSIOLOGY 


Eisenmenger’s physiology is a state of right-to-left (i.e, 
reversed”) shunting associated with irreversible pul- 
monary vascular resistance and pulmonary hyperten- 
sion. Pulmonary arterial lesions (plexogenic pulmo- 
nary arteriopathy) include intimal thickening and 
medial hypertrophy of muscular pulmonary arteries 
and, especially, plexiform lesions. 


TETRALOGY OF FALLOT 


A widely recognized condition in dogs and cats re- 
sulting in right-to-left shunting is tetralogy of 
Fallot.2” *. #1. 89-9 In some canine breeds (keeshond), 
it is inherited, transmitted as a polygenic trait, and 
attributable to maldevelopment of the conotruncal sys- 
tem.***! Affected animals often display stunted growth. 
Sudden death can occur. 


GROSS FINDINGS. This anomaly is characterized by 
four major components (see Figs. 24—47 to 24-50): (1) 
subaortic ventricular septal defect, (2) biventricular 
origin (i.e., dextroposition) of the aorta, (3) ob- 
structed right ventricular outflow (pulmonary steno- 
sis), and (4) secondary right ventricular hypertrophy. 
There is generally mild poststenotic dilatation of the 
main pulmonary artery, a relatively small left ventricle, 
and a somewhat widened ascending aorta. In cats, 
the principal cause of right ventricular outflow tract 
obstruction is marked hypertrophy of the crista supra- 
ventricularis,*" * whereas valvular pulmonary stenosis 
is the cause of pulmonic stenosis in dogs with tetralogy 
of Fallot. The term pseudotruncus arteriosus describes 
conditions in which pulmonary atresia is present. 


VASCULAR ANOMALIES 


A variety of vascular malformations occur in the dog 
and cat. Patent ductus arteriosus is the most common 
and clinically important anomaly.?”*!. 3-73 Aortic and 
thoracic venous anomalies have been described.°*!!° 
Peripheral vascular disorders,''' ''? including those of 
abnormal abdominal venous drainage (portosystemic 


shunts),'!*'"4 are reported. Coronary artery anomalies 
are most important when associated with congenital 
pulmonic stenosis (see Fig. 24—3),** although various 
abnormalities have been described. 


VASCULAR RING ANOMALIES 


Reported mostly in dogs, these malformations are 
uncommon in cats. Regurgitation results when esopha- 
geal obstruction is caused by persistent right aortic 
arch (the most common ring abnormality) (see Fig. 
24-61) ,9! double aortic arch,® 98. 99, 101-193 left aortic 
arch with ligamentum arteriosum,” !* or retroesopha- 
geal subclavian arteries.” 9° Figure 1—4 reviews devel- 
opment of the aortic arch system. 


AORTIC INTERRUPTION 


Malformations of the aorta result in interruption 
(coarctation)'” or focal narrowing. ®® These are rare 
and have been reported only in the dog. 


AORTICOPULMONARY SEPTAL DEFECT 


Failure of the truncus arteriosus to differentiate 
causes persistence of aorticopulmonary communica- 
tion between the ascending aorta and main pulmonary 
artery.'°” 8 Most cases develop pulmonary hyperten- 
sion and subsequent right-to-left shunting.”’ 


VENOUS ANOMALIES 


Persistence of the left cranial vena cava (see Fig. 
24-62) is a relatively common venous anomaly that 
can be complete or incomplete. Aside from reducing 
exposure during some surgical thoracic procedures or 
complicating cardiac catheterization, it has no clinical 
significance and may accompany other congenital dis- 
orders.**: 9 9. 109 Anomalous pulmonary venous return 
is rare but is reported in the dog''? and cat.” 


PERIPHERAL VASCULAR DISEASES 


Peripheral vessels, including arteries, veins, and lym- 
phatics, may become affected secondary to systemic 
and metabolic diseases or may represent primary vas- 
cular disorders.'!! '!? Diseases of arteries include occlu- 
sive disorders such as thromboembolism, vasculitis, 
and arteriopathies, and nonocclusive conditions in- 
cluding arteriovenous fistulas, arteriosclerosis, and ath- 
erosclerosis. Venous diseases are uncommon other 
than phlebitis. Lymphatic disorders occur infrequently, 
including lymphangitis, lymphedema, and lymphan- 
giectasia. Peripheral vascular neoplasia such as angi- 
oma, hemangioma, hematoma, and hemangiosarcoma 
are well described. 


NEONATAL HEART FAILURE ASSOCIATED 
WITH ATRIOVENTRICULAR VALVULAR 
MALFORMATION AND ENDOCARDIAL 
FIBROELASTOSIS 


This ubiquitous disorder of uncertain etiology has 
been variably described as neonatal endocardial fi- 
broelastosis,''® endocardial fibrosis with cardiomegaly, 
and possibly, kitten mortality complex.'!® Acute conges- 
tive cardiomyopathy with muscle fiber degeneration 
and associated endocardial fibroelastosis has been re- 
ported as a postulated cause of kitten mortality com- 
plex. "° 

We have recognized a condition resulting in neona- 
tal death as cardiac failure associated with congenital 
AV valvular malformation and secondary endocardial 
fibroplasia. In a series of 26 affected kittens from 16 
litters necropsied at the Animal Medical Center, the 
mean age was 32 days (range, 2 to 70 days). Breeds 
included domestic short-hair, Siamese, Abyssinian, and 
Burmese. Litter size was usually small (two or three 
kittens). Most kittens died suddenly and were de- 
pressed, anorectic, and dyspneic for only a few hours 
before death. 

Cats in the Animal Medical Center series displayed 
many of the pathologic features that were described in 
humans''’ and cats with endocardial fibroelastosis.''* 
Since similar lesions have been reported in association 
with volume overload with mitral regurgitation," con- 
genital valvular malformations," °° and following mi- 
tral valve replacement in humans,!! a relationship with 
volume overload must be suspected. Alternatively, 
given the relatively high number of feline viral dis- 
eases, prenatal viral myocarditis or associated immune- 
mediated reaction might presumably cause or contrib- 
ute to this condition. This hypothesis is supported by 
evidence that human endomyocardial fibroelastosis is 
a sequela of viral myocarditis with rapid progression to 
end-stage'*" (see also chapter 28). Endocardial fibro- 
elastosis has also been reported in the Burmese breed 
as an inherited anomaly.’ 


GROSS FINDINGS. The heart is often globular in shape, 
and both atria are enlarged and hypertrophied. Ven- 
tricular dilation is evident, and papillary muscles are 
often upwardly malpositioned. There are pronounced 
mitral valve malformation, tricuspid valve dysplasia, 
and widespread opaque areas representing endocar- 
dial fibroelastic tissue. The left ventricular free wall 
tends to be thinner than normal in older kittens. Pul- 
monary edema, pleural effusion, or ascites may be 
present. 


HISTOLOGIC FEATURES. Myocytes are thin and may dis- 
play sarcoplasmic coagulation, granulation, vacuola- 
tion, fragmentation, and myocytolysis (often severe). 
They are separated by extracellular edematous ground 
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substance. In very young kittens (generally less than 2 
weeks of age), degenerated cellular debris and edema- 
tous exudate are observed in the endocardium as well 
as in and around moderator bands. In kittens aged 3 
to 6 weeks, myocytes may be thin and elongated, sepa- 
rated by delicate fibers and extracellular edematous 
ground substance. Endocardium is thickened by fi- 
broplasia, elastosis, proliferation of myofibrocytes, and 
Anichkov’s cells. In older kittens (generally over 7 
weeks), extensive endocardial fibroplasia and elastosis 
may be noted. Pulmonary alveolar septa are thickened 
by proliferation of epithelial cells and histiocytes. The 
alveolar lumens are filled with proteinaceous fluid and 
active macrophages. 


EXCESSIVE LEFT VENTRICULAR 
MODERATOR BANDS 


Heart failure and death have been reported in cats 
with myocardial disease, characterized by excessive 
numbers and abnormal complexes of left ventricular 
moderator bands.'* Since excessive LV moderator 
bands have been observed in cats dying of congestive 
heart failure at 1 week of age, a congenital origin is 
suspected. Their contribution to cardiomyopathies or 
congestive heart failure has not been clearly estab- 
lished, however, and in many instances, they have been 
observed at necropsy as an incidental finding. The 
variability in number, pattern, density, and severity of 
abnormal moderator band networks suggests that vari- 
ous phenotypic expressions occur in felines. 


GROSS FINDINGS. Affected hearts are small, with irreg- 
ularly shaped contours, rounded apexes, and occasion- 
ally, indentation of the mid left ventricular epicardial 
surface. Heart weight is significantly lower than for 
hypertrophic, dilated, or restrictive cardiomyopathic 
hearts but not significantly less than that of clinically 
normal hearts. The LV cavity may be irregularly nar- 
rowed in some affected hearts. This results when exces- 
sive abnormal moderator band networks connect pap- 
illary muscles, LV free wall, or both to the ventricular 
septum (see Fig. 28-25). Pulmonary edema and/or 
pleural effusion and thromboembolism have been de- 
tected in some cats. "?? 


HISTOLOGIC FEATURES. The moderator bands consist 
of central Purkinje’s fibers and dense, parallel collage- 
nous fibers covered by endothelium. There is loose, 
fibrous connective tissue between the endothelium 
and the collagenous fibers. Some moderator bands are 
composed of Purkinje’s fibers surrounded by loose 
fibrous connective tissue, adipose tissue, lymphocytes, 
and blood vessels and covered by endothelium. 
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ACQUIRED CARDIAC DISEASES 


There are numerous acquired cardiovascular disor- 
ders. Some are idiopathic and relatively species-spe- 
cific, such as feline hypertrophic cardiomyopathy or 
canine myxomatous valvular degeneration (endocar- 
diosis). Many conditions occur secondary to systemic 
or metabolic disorders (see Chapter 33). 


VALVULAR DISEASES 


CHRONIC ACQUIRED ATRIOVENTRICULAR 
VALVULAR DISEASE (MYXOMATOUS 
DEGENERATION OR ENDOCARDIOSIS) 


Chronic acquired valvular disease is a degenerative 
disorder of predominantly middle-aged and geriatric 
dogs (chapter 25). 1=1 It has also been termed 
endocardiosis, and myxomatous transformation or degenera- 
tion of the AV valves. In severe cases, significant valvular 
incompetency, volume overload, and heart failure may 
result. The atrioventricular valves are most severely 
affected (Color Plate 10), whereas the pulmonic and 
aortic valves are less commonly involved. Reported 
incidence varies from 8.3 percent in one clinical study 
of 4831 dogs to 64 percent of 550 necropsied dogs.'?° 
Prevalence and severity increase with advancing age. 
Although virtually all breeds are affected, it occurs 
much more frequently in small and toy breeds, in 
which it represents the most common cause of heart 
disease. 

This abnormality has been infrequently observed 
in cats. However, it is rarely severe enough to cause 
significant valvular regurgitation and is usually found 
in conjunction with myocardial diseases. 


GROSS FINDINGS. The mitral valve is abnormal in ap- 
proximately two thirds of affected dogs; both mitral 
and tricuspid valves together are abnormal in about 
one third of cases. Infrequently, the tricuspid valve 
alone is affected. 

Lesions vary widely in severity. Gross anatomic 
changes (see Figs. 8-21; 25-1) have been described as 
follows:!® '** type I lesions—earliest changes consist 
of a few small, discrete nodules or areas of opacity at 
the points of valve apposition; type II lesions—nodules 
are larger and more numerous and begin to coalesce; 
type III lesions—large nodules or plaquelike deformi- 
ties are present with thickening of chordae tendineae 
at their valvular attachment sites; type IV lesions— 
valve cusps are grossly distorted, contracted, rolled 
upward, and “shrunken,” whereas chordae tendineae 
are usually thickened proximally and are occasionally 
ruptured. Chordae tendineae may be short and stout 


or long and thin. Occasionally, AV valve leaflets may be 
exuberant and balloon or billow into the left atrium, 
accompanied by long, thin chordae tendineae. 

As a result of AV valvular insufficiency, the corres- 
ponding atria and ventricles are dilated and thickened 
(eccentric hypertrophy). The AV annulus is generally 
enlarged. Jet lesions (focal, thickened, fibrotic endocar- 
dial lesions) may be present and related to forceful 
regurgitation of blood from the ventricle to the atrium. 
Atrial rupture is a rare but frequently lethal end-stage 
finding with severe disease (Fig. 25-12). Calcification 
may occur in valves or the AV annulus. Pulmonary 
edema and pleural, pericardial, and abdominal effu- 
sions may occur. 


HISTOLOGIC FEATURES. Normal AV valves are com- 
posed of four layers and have been described as follows 
from the atrial to ventricular aspect:'?*  atrialis, a 
thin layer of endothelial cells supported by connective 
tissue and a thin layer of smooth muscle cells (myo- 
cytes are present in the basal third of the valve beneath 
the atrialis); spongiosa, a loose collection of collagen, 
fibroblasts, Anichkov’s cells, and elastic fibers embed- 
ded in mucopolysaccharide-rich ground substance; fi- 
brosa, a dense layer of compact collagen that continues 
with the annulus and central core of chordae tendi- 
neae; and ventricularis, structurally similar to the atrialis 
but lacking a layer of smooth muscle. 

The histologic basis for endocardiosis is changes in 
the spongiosa valve layer, which include proliferation 
of loose tissues (increased collagen, elastic tissue, and 
edematous ground substance) accompanied by deposi- 
tion of increased extracellular matrix. The latter con- 
tains glycosaminoglycans (GAGs), formerly known as 
acid mucopolysaccharide.'*! Disorders of collagen syn- 
thesis, content, or organization in humans are sug- 
gested as a cause of myxomatous transformation in 
cases of mitral valve prolapse.'*? However, the etiology 
of chronic valvular disease in dogs is unknown. 


INFECTIVE (VEGETATIVE) ENDOCARDITIS 


Dogs and cats may occasionally develop endocarditis 
involving one or more heart valves, supporting struc- 
tures, or myocardium. Bacterial infection is most com- 
mon,’ although infections by other organisms are 
reported.'** Large breed, male, older dogs are more 
commonly affected, and the German shepherd may 
be predisposed. Bacterial endocarditis is rare in the 
cat.2?: 31, 139 

In dogs, the mitral valve is infected most commonly, 
followed by the aortic valve. Involvement of the tricus- 
pid valve is uncommon, and the pulmonic valve is 
rarely affected. Although preexisting valvular injury 
favors development of infectious endocarditis experi- 
mentally, most affected dogs do not have a history of 
valvular disease. Subaortic stenosis is the most common 


congenital defect associated with bacterial endocardi- 
tis, 140 


GROSS FINDINGS. Vegetative masses are attached to 
valve endocardial surfaces, especially the ventricular 
aspects of the aortic valves and the atrial surfaces of 
the mitral valve (see Figs. 8-23; 26-2). Valve leaflets are 
edematous, hemorrhagic, deformed, and sometimes 
perforated. This predisposes to valvular insufficiency 
and associated chamber enlargement. Left-sided con- 
gestive heart failure and systemic evidence of sepsis 
are common. 


HISTOLOGIC FEATURES. Valvular vegetations are com- 
posed of amorphous strands of fibrin, necrotic debris, 
disintegrating inflammatory cells (e.g., mononuclear 
cells and neutrophils), platelets, and bacteria. Necrosis 
of valve stroma is common. Septic emboli can seed any 
organ, causing associated microabscesses or infarcts. 
The kidney, myocardium, spleen, and left ventricle are 
most commonly involved (see Fig. 26-3). 


MYOCARDIAL DISEASES 
(CARDIOMYOPATHIES) 


Cardiomyopathies comprise diffuse and variable 
myocardial diseases associated with abnormal myo- 
cardial structure or function. They may be primary 
(idiopathic) or may occur secondary to systemic or 
metabolic conditions.*’ *) 141-1484 Myocardial disorders 
constitute the majority of feline heart disease (chapter 
28) 15: 14, 29-31, 47, 141-143 in dogs, dilated cardiomyopathy is 
the second most common cause of heart failure 
(chronic acquired valvular disease is the most com- 
mon), but hypertrophic cardiomyopathy is rare (chap- 
ter 27),'4 148-147a 


IDIOPATHIC HYPERTROPHIC 
CARDIOMYOPATHY 


This diverse disease entity has varied morphologic 
profiles.'* 14 141-14 Dogs and cats share many structural 
similarities with idiopathic hypertrophic cardiomyopa- 
thy (HCM) as described in humans," ' including 
HCM with fixed and dynamic obstruction of the left 
ventricular outflow tract. !*!* The relationship between 
some cases of canine HCM and fixed subaortic stenosis 
awaits clarification.'* 


GROSS FINDINGS. Most cats have diffuse but asymmet- 
ric distribution of LV hypertrophy involving substantial 
portions of ventricular septum and LV free wall (see 
Fig. 28-6). Less commonly, segmental patterns of hy- 
pertrophy occur, often with abrupt transitions in wall 
thickness or involvement of noncontiguous segments 
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(Fig. 28-7). The LV cavity is reduced and the LA is 
enlarged and hypertrophied.'* 14 In dogs, the most 
consistent feature is marked generalized, concentric 
LV hypertrophy with a small cavity, often with asymmet- 
ric septal hypertrophy.'* 145. 147 

Absolute and relative heart weights in affected ani- 
mals are substantially increased.'* Heart weight in rela- 
tion to body weight is significantly greater in cats (6.4 
+ 0.1 g/kg) and dogs (9.6 + 0.3 g/kg) with HCM, 
compared with normal cats (mean, 4.8 + 0.1 g/kg) 
and normal dogs (mean, 6.6 + 0.3 g/kg), respectively. 
Necropsy of 51 HCM cats recorded a maximal ventricu- 
lar septal thickness of 9.0 + 0.2 mm (controls, 5.0 + 
0.2 mm) and an anterolateral LV free wall thickness of 
9.0 + 0.1 mm (controls, 6.0 + 0.3 mm). In dogs, 
necropsy cases are limited, but comparable measure- 
ments from 10 HCM dogs were ventricular septum, 19 
+ 2mm (controls, 12 + 0.5 mm) and LV anterolateral 
free wall, 18.0 + 1.5 mm (controls, 15.0 + 0.7 mm)." 
Focal, endocardial fibrosis is common. 

In cats and dogs with dynamic LV outflow obstruc- 
tion, a fibrous, mural endocardial plaque is prevalent 
at the basal septum in apposition to the anterior mitral 
valve leaflet in the left LV outflow tract. The anterior 
mitral valve leaflet is also thickened in these cases,!*'* 
In affected cats, pulmonary edema is present in more 
than half of necropsied cases, and pleural effusion is 
evident in about 20 percent; arterial thromboembolism 
occurs in a high percentage of cases (Figs. 28-28, 
98-30, 28-34, 28-35) and atrial or ventricular ball 
thrombi are occasionally present (Figs. 28-12, 28-14, 
28-15). Aneurysmal thinning of the LV apex is com- 


mon.!* 141-145 


HISTOLOGIC FEATURES. The most characteristic histo- 
logic features are bizarre, disorganized cellular archi- 
tecture (see Fig. 36-4), abnormal small intramural 
coronary arteries (see Fig. 36-5 and Color Plate 11), 
and increased amounts of matrix or replacement fi- 
brosis (see Figs. 36-4, 36-5). 14 11-1417 Myocytes are 
hypertrophied and have large, rectangular, hyper- 
chromic nuclei. In a series of 51 cats and 10 dogs with 
HCM," ventricular septal myofiber disorganization was 
recorded from 15 (30%) cats and 2 (20%) dogs. Septal 
disorganization comprising 5 percent or more of rele- 
vant tissue sections was present in 14 (27%) cats and 
2 dogs. Extensive myocyte disarray (225%) was pres- 
ent in 7 (14%) cats and no dogs. Cellular disorganiza- 
tion was predominantly type I pattern, which involved 
small foci of adjacent cardiac muscle cells. Abnormally 
thick intramural coronary arteries, usually with re- 
duced lumens, were noted in 74 percent of cats (see 
Fig. 36-5) and 60 percent of dogs and were most 
prevalent in sections with moderate or severe fibrosis. 
Medial and intimal thickening was associated with in- 
creased connective tissue elements (and much less 
commonly, smooth muscle cells). Interstitial myocar- 
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dial fibrous tissue or replacement fibrosis was present 
in 53 percent of cats and 40 percent of dogs. 


SECONDARY CAUSES OF LEFT VENTRICULAR 
HYPERTROPHY 


Left ventricular hypertrophy can occur secondary to 
certain systemic and metabolic diseases. In older cats, 
hyperthyroidism'** and systemic hypertension™® !°° are 
common. Most cases of thyrotoxicosis result from func- 
tional thyroid gland adenoma (adenomatous hyperpla- 
sia) involving one or both thyroid glands (see Figs. 
34-5, 34-6). In one necropsy study symmetric LV hy- 
pertrophy was common.’ Congestive heart failure 
may occur but is relatively infrequent.’®' With systemic 
hypertension, hearts appear to have increased LV mass 
and symmetric LV hypertrophy, with minimal left atrial 
enlargement. Congestive heart failure is rare. Other 
reported associations with LV hypertrophy include 
hypersomatotropism (acromegaly) in cats!*!* and pheo- 
chromocytoma and hyperadrenocorticism in dogs.'** 


DILATED CARDIOMYOPATHY (DCM) 


Dilated (congestive) cardiomyopathy may be pri- 
mary or secondary. More than one disease process can 
induce associated structural and functional abnormali- 
ties." Certain nutritional influences have demonstra- 
ble impact on myocardial structure and function. Of 
notable example is the association between feline tau- 
rine deficiency and DCM, and its reversibility with 
dietary taurine supplementation.'** Whereas commer- 
cial diet reformulation largely eliminated this etiology 
by the beginning 1990s, taurine deficiency is still en- 
countered in dogs and cats occasionally. Idiopathic 
feline myocardial failure is currently recognized but 
incompletely characterized.'* "4 A final, end-stage 
pathway for severe myocardial injury has been postu- 
lated for DCM,'” and this mechanism may possibly 
play a role in some cats. In dogs, DCM is predomi- 
nantly a disease of large and giant breeds, although 
cocker spaniels and other smaller breeds are occasion- 
ally affected.'** '* 154 Nutritional abnormalities have 
been identified in some dogs, and a small number of 
cases of L-carnitine and taurine deficiencies have been 
reported.'® '°% However, as with cats, the etiology of 
most canine DCM is unknown. 


GROSS FINDINGS. Classic features of DCM include se- 
vere, generalized dilation of all four cardiac chambers, 
ventricular wall thinning, increased end-diastolic and 
end-systolic volumes, and biventricular heart failure 
(see Figs. 27-3; 28-18).*) 414.13 In idiopathic feline 
DCM, pathologic findings are more variable.’** Papil- 
lary muscles and ventricular trabeculae are flattened 
and atrophied. The heart weight of DCM cats exceeds 


normal but is less than that of hearts with HCM. Mitral 
valve complex alterations are common and may in- 
clude short and thick leaflets; short, stout, long, or 
thin chordae tendineae; and upward malposition of 
papillary muscles. Tricuspid valve complex alterations 
may also be observed, including adhesion of the septal 
leaflet to the ventricular septum; direct insertion of 
the lateral leaflet into papillary muscles; and short, 
stout, long, or thin chordae tendineae. These valvular 
complex changes are often similar to those observed 
in kittens with severe atrioventricular valvular dysplasia. 
Thus, it may be difficult in some cases to differentiate 
between primary myocardial disease and end-stages of 
severe valvular dysplasia, or to determine the potential 
contribution of the latter. Endocardial fibrosis is usu- 
ally mild and limited when present. Occasionally, the 
myocardium will be diffusely fibrotic, or focal pale, 
gray areas representing myocardial infarction are ob- 
served. Lesions are usually greatest in the LV. Arterial 
thromboembolism is common in cats but does not 
occur in dogs. In canine DCM there is generally little 
alteration in AV valve morphology.'** Relatively unique 
pathologic features have been reported in some box- 
ers, including rather mild left atrial and ventricular 
dilation; thickened AV valves; and, occasionally, aortic 
valve leaflets.!°” 


HISTOLOGIC FEATURES. In cats lesions are variable. 
There may be some endocardial fibroelastic thick- 
ening. Inflammatory reaction is absent or scanty. Myo- 
cardial cells appear more thin, attenuated, and wavy 
than normal and are separated by edematous, extracel- 
lular ground substances or connective tissue.!*°? Myocy- 
tolysis is common. Myocardial fibrosis ranges from 
mild and focal to extensive and diffuse (Fig. 36-1; see 
also Fig. 27~3B, Color Plate 12). In dogs, extensive 
replacement fibrosis is uncommon. 

In boxers with DCM, both active and chronic in- 
flammations have been reported. The former includes 
focal myocytolysis, myonecrosis, hemorrhage, and mild 
mononuclear cell infiltration (e.g., macrophages, lym- 
phocytes, plasma cells). Chronic changes are more 
common and include widespread myofiber atrophy, 
fibrosis, fatty infiltration, and fatty degeneration. These 
lesions are diffuse, but the RV free wall is affected 
earliest and most severely.'°” 158 


RESTRICTIVE AND INFILTRATIVE 
CARDIOMYOPATHIES 


is the most 
159, 160 


Restrictive cardiomyopathy (RCM) 
poorly characterized feline myocardial disorder. 
Much has been extrapolated from human literature'*** 
161, 162 and remains to be verified. The hallmark of 
RCM is abnormal diastolic function resulting from 
ventricular wall stiffness that impedes diastolic fill- 


= 


ing.’®' A number of diseases have been associated with 
RCM in humans, including myocardial fibrosis, endo- 
myocardial scarring, or infiltration.” 1°? These are 
variably encountered in cats but are rare in dogs. Since 
not all cats with pathologic myocardial changes have 
identifiable Doppler echo features consistent with 
those of humans, diagnosis is often ambiguous. More- 
over, restrictive hemodynamics occur in disease states 
that affect the heart other than just RCM. Two-dimen- 
sional and Doppler echocardiography reveal wide phe- 
notypic heterogeneity, as well as variability in indices of 
diastolic function, even among patients within certain 
disease categories.'*** Unfortunately but not surpris- 
ingly, the term RCM has become a catchword for un- 
classified forms of myocardiopathies. 

At least two different morphologic types of feline 
myocardial disease appear to qualify under the classi- 
fication of RCM. One is characterized by left ventricu- 
lar endomyocardial fibrosis and contains some features 
similar to those described in humans with Lé6fflers’s 
endocarditis and endomyocardial fibrosis.'**'°° The 
other type is more obscure and represents a heteroge- 
neous catchment of idiopathic, noninfiltrative myocardial 
disease. Cardiac amyloidosis is a common cause of hu- 
man RCM'™ but is not a significant condition in dogs 
and cats. 


GROSS FINDINGS. In cats with endomyocardial fibrosis, 
the heart weight is greater than normal due to moder- 
ate LV hypertrophy. Dilation and hypertrophy of the 
RA and RV is common. Extreme biatrial enlargement 
often occurs. The LA is usually most severely affected 
and may be hypertrophied. Pronounced, diffuse LV 
endocardial thickening with whitish-gray, opaque, fi- 
brous plaquelike scar is a pathologic hallmark (Fig. 
28-16). This may occur in the left ventricular outflow 
and inflow tracts, over the papillary muscles, chordae 
tendineae, and left ventricular free wall. When endo- 
cardial scarring is severe, fibrous adhesions between 
papillary muscles and myocardium, distortion and fu- 
sion of chordae tendineae and mitral leaflets, and 
occasionally obliteration of the LV cavity may occur. 
Mural, LA, or distal aortic thromboembolism is com- 
mon.*® #1 142, 165, 187 Tn contrast, cats with idiopathic, non- 
infiltrative myocardial disease have more heterogeneous 
features and undoubtedly represent more than one 
disease process. It is grossly characterized by a relatively 
normal LV; the LA and often RA are moderately to 
severely enlarged in the absence of conditions causing 
volume overload or AV valve stenosis (see Fig. 28-15). 
The RV may become enlarged, depending on the pres- 
ence and degree of pulmonary hypertension. There 
may be regional endocardial fibrosis but not diffuse 
or severe endocardial scarring. Focal myocardial wall 
thinning associated with infarction can be present, and 
left ventricular apical aneurysmal thinning is common. 
Mural thromboses often occur. 
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FIGURE 36-7 


Histologic section of ventricular septal myocardium from a 
domestic cat with endomyocardial fibrosis. There is thick 
endocardial scar (fibrosis) and severe subendocardial fibrosis. A 
single abnormal narrowed intramural coronary artery is evident. 
Masson’s trichrome stain X 100. 


HISTOLOGIC FEATURES. With endomyocardial fibrosis, ex- 
treme endocardial thickening results from hyaline, fi- 
brous, and granulation tissue (Fig. 36-7). The surface 
is covered by a layer of hyaline tissue and collagenous 
fibers, occasionally displaying chondroid metaplasia. 
Underneath is loose, cellular, fibrous tissue. Adjacent 
to the myocardium is granulation tissue made up of 
histiocytes, lymphocytes, and plasma cells. Hypertro- 
phy of myocytes and interstitial fibroplasia are com- 
mon. In the left ventricular free wall and ventricular 
septum, myocytolysis and arteriosclerosis may accom- 
pany severe endomyocardial fibrosis in advanced 
cases.*! 167 These changes are similar but not identical 
to those in humans with restrictive cardiomyopathy.'*** 
162, 163 A spectrum of changes has been observed with 
idiopathic, noninfiltrative myocardial disease. Myocytes may 
be hypertrophied or thin with varying degrees of ne- 
crosis. Myocardial fibrosis is often diffuse and may be 
focally or regionally severe. Endocardial fibrosis may 
be patchy but is generally relatively mild. 


ARRHYTHMOGENIC RIGHT VENTRICULAR 
CARDIOMYOPATHY 


This newly recognized feline myocardial disease is 
characterized by fibrofatty infiltration of the right ven- 
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tricular and right atrial myocardium. Severe dilatation 
of these chambers is present in advanced cases (see 
Figs. 28-22 to 28-24). Some cats may have variable left 
heart pathology as well. Myocarditis and apoptosis are 
common, particularly with the fibrofatty form. A more 
complete description is contained in chapter 28. 


HEART FAILURE AND ABNORMAL, EXCESSIVE 
LEFT VENTRICULAR MODERATOR BANDS 


Moderator bands (trabeculae septomarginalis) are 
normally present in the feline right ventricle'® 1° and 
in both canine ventricles. In cats, abnormal diffuse 
networks of left ventricular moderator bands have 
been reported in association with congestive heart fail- 
ure, ventricular dilation, and hypertrophy, without 
breed or sex predisposition.'*? Abnormal moderator 
band networks have also been identified in kittens as 
young as 1 day old, suggesting a congenital origin. 


DUCHENNE-TYPE CARDIOMYOPATHY (CANINE 
X-LINKED MUSCULAR DYSTROPHY) 


A muscular dystrophy recorded from a small num- 
ber of golden retriever dogs has striking similarities to 
Duchenne’s muscular dystrophy in humans.’ The 
genetic defect results in absence of the protein dys- 
trophin in skeletal and cardiac muscle. 


GROSS FINDINGS. Clinical signs of skeletal muscle dys- 
trophy appear at about 8 weeks of age. Most affected 
dogs in experimental breeding colonies die before 5 
or 6 years of age, the time when congestive heart 
failure develops. Myocardial lesions are not grossly 
visible before 11 weeks of age but become evident at 
6.5 months, and are extensive by 6 years of age. Focal 
mineralization and pale areas of myocardium may be 
evident. Lesions first develop in subepicardial regions 
of the LV free wall, LV papillary muscles, and interven- 
tricular septum but develop more slowly in the atria 
and RV free wall.’6* > 


HISTOLOGIC FEATURES. Early lesions include focal myo- 
cyte degeneration and mineralization, which evolve 
into linear anastomosing bands of loose fibrovascular 
tissue and, ultimately, dense fibrous connective tissue. 
Commonly, myocytes vary in size, and there is in- 
creased endomysial fibrosis. Other histopathologic 
changes include myofilament loss, increased numbers 
of mitochondria, and increased myelin, cytoplasmic 
lipofuscin, and lipid droplets. !°% > 


MYOCARDITIS 


By definition, focal or diffuse myocarditis is diag- 
nosed by histopathology when myocyte necrosis or de- 


generation or both are associated with an inflamma- 
tory infiltrate adjacent to degenerating or necrotic 
myocytes.!” Many infectious agents can injure myo- 
cardial tissue and induce degeneration or inflam- 
mation.'** '7! Frequently, the myocardium is affected 
secondary to generalized systemic infection or in- 
flammation. 


VIRAL MYOCARDITIS. This has received most attention 
associated with canine parvovirus, although at present 
canine parvovirus myocarditis appears to be rare. A 
worldwide pandemic became recognized in 1978 as a 
cause of peracute, fatal myocarditis.'!”-'7> Acute myo- 
carditis resulted in infected pups less than 12 weeks of 
age; fatal chronic myocarditis manifested signs of heart 
failure in dogs up to 6 months old. 

Gross pathologic findings included cardiac dilation, 
ventricular hypertrophy, pale areas throughout the 
ventricles with some foci of petechiae, pulmonary 
edema, and pleural effusion. The LA and LV were 
most severely affected. Histologically, 4 to 7-week-old 
pups affected acutely demonstrated thin myocytes sep- 
arated by extracellular, edematous ground substance, 
histiocytes, fibroblasts, and delicate fibrous tissue. In- 
flammatory reactions were usually absent. Nuclei of 
monocytes contained single, large, distinct, homoge- 
neous intranuclear inclusion bodies. Myocytes dis- 
played granulation, coagulation, and cytoplasmic frag- 
mentation. In slightly older puppies (6 to 9 weeks), 
extensive inflammatory reactions were observed, con- 
sisting of lymphocytes and plasma cells. Adjacent myo- 
cytes displayed-cytoplasmic coagulation, granulation, 
fragmentation, and lysis. Inflammation subsided in ju- 
veniles (14 to 24 weeks of age) and histiocytes, fibro- 
blasts, granulation, and fibrous connective tissue pre- 
dominated. Myofibrocytes were increased in and 
around intramural coronary arteries. Sarcoplasmic 
granulation, coagulation, fragmentation, and lysis oc- 
curred in myocytes within and surrounding areas of 
fibrosis. Microscopic changes were most severe in the 
LV free wall and interventricular septum.'” 

In cats, myocarditis is rarely diagnosed. Endomyocar- 
ditis and left ventricular endomyocardial fibrosis have 
been reported occurring both separately and to- 
gether.’ 1% A clinical condition of endomyocarditis 
with concomitant congestive heart failure and high 
morbidity has been described but is incompletely 
characterized.*) "> 175.176 In a necropsy series of 461 
cardiomyopathic cats, about 6 percent were diagnosed 
histologically with endomyocarditis. Gross lesions com- 
patible with endomyocardial fibrosis (see under restric- 
tive cardiomyopathy) were common, suggesting a pos- 
sible association with endomyocarditis in some cases.'” 
Recently, viral genomic DNA has been identified in 
myocardium of cats with hypertrophic, restrictive, and 
dilated cardiomyopathy.'”* 


DIAGNOSIS. Viral myocarditis has been historically dif- 
ficult to diagnose, even when endomyocardial biopsies 
are obtained.’ However, molecular genetic tech- 
niques employing polymerase chain reaction analysis 
to identify the presence of viral nucleic acid in infected 
tissues and body fluids has opened up new avenues for 
its: detection" 177 


BACTERIAL MYOCARDITIS. This is usually encountered 
in association with bacterial endocarditis or sepsis, al- 
though myocardial abscesses are occasionally detected 
at necropsy with apparently normal cardiac valves (Fig. 
36-8). Histologic findings are characterized by mono- 
nuclear inflammatory cells (especially neutrophils) 
and bacteria (see Fig. 36-3; see also Fig. 28-27). 


CANINE CHAGAS’ MYOCARDITIS. This disease is caused 
by the protozoan parasite Trypanosoma cruzi, which is 
transmitted by an insect vector (Reduviidae). In the 
acute stage, evaluation of a thick blood smear may 
reveal the presence of circulating trypomastigotes (Fig. 
36-9). Gross pathology is characterized by mild RA 
and RV dilation; subendocardial gray to white foci, 
streaks, or pale zones; and granulomatous myocarditis 
with pseudocysts containing amastigotes (Fig. 36-10; 
see also Fig. 27-14). Chronic Chagas’ disease is charac- 
terized by ventricular dilation and thinning of the 
ventricular free walls; multifocal interstitial lympho- 
plasmacytic and histiocytic infiltrates; perivasculitis and 
marked fibrosis; and a positive indirect fluorescent 
antibody test.” 


OTHER INFECTIOUS AGENTS. Agents such as viral (e.g., 
canine distemper virus), parasitic (e.g., Toxoplasma gon- 
dii, Hepatozoon canis), fungal, algae-like (e.g., Prototheca 
spp.), rickettsial (e.g., Rickettsia rickettsii, Ehrlichia canis, 


FIGURE 36-8 


Gross specimen from an 8-month-old cat that died of 
septicemia. Notice focal whitish abscesses in the 
apical left ventricular free wall and ventricular 
septum. Abscesses were also detected in other organs. 
This cat also had tricuspid valve dysplasia. 
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FIGURE 36-9 


Photomicrograph of a thick blood smear from a dog with an acute 


stage of Chagas’ myocarditis. Circulating trypomastigotes of 
Trypanosoma cruzi are clearly evident. (Courtesy of Dr. Matt Miller.) 


Bartonella elizabethae), and spirochetal (e.g., Borrelia 
burgdorferi) may affect the myocardium. Infiltrative dis- 
eases (e.g., neoplasia), toxic substances (e.g., myocardial 
depressant factors, heavy metals, ethyl alcohol), meta- 
bolic diseases (e.g., chronic uremia, hypothyroidism), 
chemicals (e.g., doxorubicin), and physical agents (e.g., 
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heat stroke) can cause myocardial degeneration or 
inflammation 138, 162, 170, 171, 175 


THROMBOEMBOLIC DISEASE 


Thrombus refers to clot formation (platelets, fibrin, 
coagulation factors, and cellular components) in the 
heart or vessels. An embolus results from migration of 
all or part of a clot or other material (e.g., tumor 
fragment, air, fat, bacteria, parasites, or foreign body). 
Thrombosis may result from tissue (endothelial) in- 
jury; circulatory stasis or turbulence; or hypercoagula- 
ble state.’ 18° 


SYSTEMIC THROMBOEMBOLISM. Arterial thromboembo- 
lism is a well-recognized complication of feline cardio- 
myopathies and has been reported in up to 48 percent 
of myopathic cats at necropsy.** *! '? Distal aortic sad- 
dle emboli occur in more than 90 percent of affected 
cats (see Figs. 28-28, 28-30, 28-34, 28-35). Brachial, 
renal, and mesenteric arteries represent other recog- 
nized sites for emboli. Mural thrombi are occasionally 
present in the left atrium or ventricle (see Figs. 28-12, 
28-14, 28-15). Ischemic neuromyopathy results when 
distal arterial occlusion and vasoactive chemicals (e.g., 
serotonin) reduce collateral circulation.'*' Canine 
myocardial diseases have not been associated with 
thromboembolism. In dogs, the most common causes 


FIGURE 36-10 


Photomicrograph of myocardium from a dog 
with acute Chagas’ myocarditis. Notice a 
myocyte (arrows) containing intracellular 
amastigotes of Trypanosoma cruzi. Mononuclear 
leukocytic inflammatory cells (lymphocytes, 
neutrophils, plasma cells) are also present. H& 
E stain. (Courtesy of Dr. Kathryn Meurs.) 


include bacterial endocarditis and dirofilariasis;'*’ ne- 
phrotic syndrome, amyloidosis, and hypoadrenocorti- 
cism have also been reported.'**: !** 


PULMONARY THROMBOEMBOLISM (PTE). Dirofilariasis is 
the most commonly recognized cause (Fig. 36-11); 
nephrotic syndrome, renal amyloidosis, pancreatitis, 
immune-mediated hemolytic anemia, neoplasia, hyper- 
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FIGURE 36-11 


Heart and lungs from a dog with severe heartworm disease that 
died after adulticide therapy. The pulmonary artery is dissected to 
reveal an extensive thrombus (straight arrow) and adult heartworm 
fragments (curved arrow). Ao, descending aorta; MPA, main 
pulmonary artery. 


adrenocorticism, disseminated intravascular coagula- 
tion, and pancreatitis are other associated condi- 
tions.'**!*? PTE is a significant disease in dogs, in which 
it is generally underdiagnosed, although in cats, it 
is rarely detected. Severe PTE may cause significant 
ventilation-perfusion abnormalities, resulting in pul- 
monary hypertension or respiratory failure. 


VENOUS THROMBOEMBOLISM. Although common in hu- 
mans, clinically significant venous thrombosis is rela- 
tively rare. Vasculitis and thrombophlebitis may result 
from venous catheter placement or perivascular drug 
administration. Varicosis can accompany arteriovenous 
fistulas. Venous perforation or blunt trauma is usually 
well tolerated. Tumors may result in venous invasion, 
especially chemodectoma, adrenal tumors, and heman- 
giosarcoma. |? 


HEARTWORM DISEASE 


Heartworm disease is widely distributed in the 
United States and many regions of Europe and Asia. 
Pathology is partly related to the number of adult 
heartworms. High heartworm burdens generally cause 
more severe pulmonary hypertension, thromboembo- 
lism, and a propensity to develop caval syndrome. 


GROSS FINDINGS. When pulmonary hypertension is 
present, moderate to severe RV hypertrophy and 
enlargement usually develop (see Figs. 30-9; 31-5). 
Pneumonitis, pulmonary granuloma formation (see 
Fig. 30-11), pulmonary endarteritis, and pulmonary 
thromboembolism (see Fig. 36-11) may be observed. 
Caudal and accessory lobar arteries dilate, become 
tortuous, develop aneurysms, and lose their normal 
tapering arborization. Large numbers of worms me- 
chanically obstruct blood flow (see Figs. 30-4, 30-6; 
31-3, 31-4). Extracardiac signs of right-sided conges- 
tive heart failure may be present. 


HISTOLOGIC FEATURES. Heartworms in pulmonary ar- 
teries produce endothelial swelling, widened intercel- 
lular junctions, sloughing of longitudinal strips of en- 
dothelium, and adhesion of activated leukocytes and 
platelets to sites of injury (see Figs. 30-1 to 30-3). 
Pulmonary arterial villi are formed by activated smooth 
muscle cells and collagen. Endothelial lesions and vil- 
lous proliferation are most severe in caudal and acces- 
sory lung lobes.'*!% After adulticidal therapy, emboli- 
zation of worms and their fragments may cause severe 
pulmonary lesions, including pulmonary arterial 
thrombosis and granulomatous inflammation.!®. !%4 Im- 
mune-mediated occult infections may result in allergic 
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pneumonitis and pulmonary eosinophilic granuloma- 
tosis. 


PERICARDIAL DISEASE 


CONGENITAL PERICARDIAL DEFECTS. Congenital pericar- 
dial defects are rare and represent small or large perfo- 
rations in the pericardium (see Fig. 29-2). They are 
usually incidental findings at necropsy. Large defects 
have the potential to cause cardiac herniation (see 
Fig. 29-3) with severe consequences. Peritoneopericardial 
diaphragmatic hernias (PPDH) are the most common 
congenital pericardial malformation” (see Figs. 29-4 
to 29-6) and may be accompanied by other abnormali- 
ties (cranial abdominal hernia, sternal deformities) 
and congenital heart defects (ventricular septal de- 
fect). Traumatic PPDH is also encountered in dogs 
and cats. Abdominal viscera may be found within the 
pericardial sac, sometimes with pericardial effusion or 
fibrinous tags involving viscera, endocardium, or peri- 
cardium. Intrapericardial cysts have been reported!” 
(see Figs. 29-7, 29-8) and represent cystic hematomas 
that develop in fatty tissues that become entrapped in 
a small peritoneopericardial diaphragmatic hernia. 


PERICARDIAL EFFUSIONS. Pericardial disease is often ac- 
companied by accumulation of variable quantities of 
pericardial effusion. When it develops rapidly, in- 
creased intrapericardial pressure and decreased right- 
sided heart filling (cardiac tamponade) may result in 
secondary abdominal and pleural effusion. Effusions 
are categorized according to fluid characteristics (tran- 
sudate-hydropericardium, exudate-pericarditis; hemor- 
rhage-hemopericardium).'°” Cytologic evaluation can 
identify chylous, suppurative, or mycotic pericardial 
effusions but are generally unreliable to differentiate 
neoplastic from idiopathic effusions.’** Hemangiosar- 
coma and chemodectoma, tumors that are commonly 
enclosed within the pericardium of dogs, and cardiac 
lymphoma of cats, seldom exfoliate into the effusion. 
Echocardiography may help identify associated cardiac 
or mediastinal masses (see Fig. 8-25). Chronic pericar- 
dial effusion may contain exfoliated reactive mesothe- 
lial cells that normally line the pericardium (Fig. 36- 
12). These can be readily misinterpreted on cytology 
as neoplasia, especially mesothelioma.!” 


PERICARDITIS. Infective pericarditis is uncommon in 
dogs and cats, but it may occur from bacterial or fungal 
pathogens.'” In cats, feline infectious peritonitis has 
been a reported cause of pericarditis in cats.” With 
bacterial infections particularly, the pericardium may 
be thickened and contain a shaggy, fibrinopurulent 
exudate; the epicardium is infiltrated by polymorpho- 
nuclear leukocytes. Pericardial exudate may be sero- 
sanguineous or turbid and fibrinous and is frequently 
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FIGURE 36-12 


Cytologic specimen of pericardial fluid from a dog with idiopathic 
pericardial effusion. Notice the cluster of mesothelial cells 
characterized by moderate pleomorphism; moderate, finely 
granular to vacuolated basophilic cytoplasm; a central nucleus that 
exhibits coarsely clumped chromatin; and secretory vacuoles in 
some of the cells. Normally, mesothelial cells are more uniform in 
appearance and exhibit an eosinophilic corona. Reactive 
mesothelial cells may be difficult to distinguish from carcinoma 
cells. X 400. (Courtesy of Dr. Matt Miller.) 


tenacious and purulent. Adhesions may occur that 
obliterate the pericardial space. 


NEOPLASIA. In cats, lymphosarcoma, the most com- 
mon hematopoietic feline tumor, is also the most com- 
mon cardiac tumor (Fig. 28-26). Many cases are associ- 
ated with feline leukemia virus infection (FeLV), but 
feline immunodeficiency virus (FIV) may also have a 
role in lymphomagenesis. Lymphosarcoma rarely in- 
volves the pericardium directly (see Figs. 29-11B, 29- 
19). In dogs, hemangiosarcoma (see Figs. 29-9A,B, 
29-18B) and chemodectoma (see Figs. 29-16, 29-18A) 
are the most common tumors enclosed within the 
pericardial sac. Pericardial mesothelioma with pericar- 
dial effusion is described infrequently (see Fig. 29-10). 
Immunohistochemical staining helps differentiate 
mesothelioma from carcinoma.’ 


MISCELLANEOUS CARDIOVASCULAR 
DISEASES AND CONDITIONS 


CONDUCTION SYSTEM LESIONS 


Arrhythmias, syncope, and sudden death have been 
reported with a variety of acquired conduction system 
lesions. Associated conditions include infections, in- 
flammatory diseases, and cardiomyopathies.** #1 141, 202 
Terminal narrowing of small arteries in the region 
of the conducting system may cause degenerative 
changes, and hereditary factors may be involved in 


some cases.™? A series of Doberman pinschers with 
sudden death and AV nodal degeneration has been 
reported.*** However, in Doberman pinschers and 
other dogs of various ages, chondroid metaplasia of 
the central fibrous body and aortic root was recorded 
as a normal occurrence in large-breed dogs.*** Con- 
duction system abnormalities have been detected in 
cardiomyopathic cats from 6 months to 16 years of 
age. Histologic changes included degeneration and 
fibrosis of the AV node and degeneration and infiltra- 
tion by fibrous granulation tissue of the left and right 
bundle branches.*" '” 


INHERITED SUDDEN CARDIAC DEATH IN 
GERMAN SHEPHERDS 


Inherited ventricular arrhythmias and sudden death 
have recently been reported in German shepherd dogs 
without evidence of cardiomyopathy or heart failure.” 
Death is most common between 4 and 8 months of 
age and frequently occurs during sleep or during rest 
following exercise. No gross or histologic lesions have 
been identified. 


PERSISTENT ATRIAL STANDSTILL (SILENT 
ATRIA, ATRIOVENTRICULAR MYOPATHY) 


A rare, acquired, progressive myopathy of dogs and 
cats involves severe atrial enlargement and thinning, 
with subsequent ECG changes of persistent atrial stand- 
still, although complete heart block and other arrhyth- 
mias have been recorded. Congestive heart failure was 
present in some animals. A potential predisposition 
was suggested for English springer spaniels and Sia- 
mese cats.” * Clinical and pathologic findings of 
humans with persistent atrial standstill? bore a resem- 
blance to those of affected dogs. Reported animals 
were subdivided into three categories based upon clini- 
cal signs, which included long-standing cardiomyopa- 
thy (especially the dilated form in cats); muscular dys- 
trophy (fascioscapulohumeral type); and an idiopathic 
condition without evidence of other pathology. It is 
not clear whether these clinical associations represent 
unique conditions or different disease stages. 


GROSS FINDINGS. Atria are greatly enlarged and paper- 
thin with little visible muscle (Fig. 36-13). Skeletal 
muscle wasting was a feature observed in affected dogs 
but not cats. In the latter, dilated cardiomyopathy with 
atrial hypoplasia was recorded in necropsied cats. Asci- 
tes and pleural effusion were variably present.?” 


HISTOLOGIC FEATURES. Atrial changes include myo- 
fiber necrosis, replacement fibrosis, fibroelastosis, and 
fatty infiltration (Fig. 27-13). Ventricular involvement 
is more variable. In dogs with skeletal muscular dystro- 


FIGURE 36-13 


Right side of the heart from a 3.5-year-old male 
English springer spaniel with persistent atrial 
standstill. The right atrium is extremely dilated, with 
severe membranous thinning. The right ventricle is 
also dilated. Histology revealed replacement of right 
atrial myocytes with fibrous connective and adipose 
tissues. 


phy, skeletal muscles were hyalinized, with degenerat- 
ing muscle fibers and mild to moderate fatty infiltra- 
tion. Skeletal muscle biopsies (upper forearm and 
scapular region) in most affected dogs with severe 
muscle atrophy were compatible with a fascioscapulo- 
humeral type of dystrophy.” 


GLYCOGEN STORAGE DISEASE 


A heritable deficiency in Lapland dogs of lysosomal 
acid alpha-glucosidase causes cardiac and skeletal my- 
opathies due to glycogen accumulation.?°* Pathologic 
changes included cardiac enlargement with focal myo- 
carditis and extensive glycogen infiltration. 


CORONARY ARTERY DISEASE 


The pathology of canine coronary artery disease has 
been reviewed.** 27-215 Disease of extramural coronary 
arteries is quite uncommon in dogs? 2!) 213216 and 
cats.*!* A number of dogs with atherosclerosis associated 
with hypothyroidism have been documented.?'**"4 Ste- 
nosis of extramural coronary arteries caused by fibro- 
elastic intimal thickening, discontinuity of internal 
elastic lamella, and focal atrophy of medial smooth 
muscle was reported in two adult Labrador retriev- 
ers.”!! In contrast, narrowing of small intramural coro- 
nary arteries is relatively common in aged dogs with 
chronic mitral valve endocardiosis (caused by muscu- 
loelastic intimal thickening, intimal cushions, mi- 
crothrombi, hyalinosis, and amyloidosis) ;*°*°°* in dogs 
with congenital subaortic and pulmonic stenosis 
(caused by arteriosclerosis) ;** *°* 35 and in dogs and 
cats with idiopathic hypertrophic cardiomyopathy (see 
Fig. 36-5) (caused by increased connective tissue ele- 
ments and smooth muscle cell proliferation of the 
media and intima).'* '* 144.145 Necrotizing polyarteritis is a 
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rare idiopathic disease reported to affect extramural 
and intramural coronary arteries.*'® Arteriosclerosis 
thought to be associated with systemic hypertension 
has been reported in cats, including idiopathic arterial 
mineralization involving a variety of arteries.” Its 
bearing, if any, on coronary arteries is unclear. 


MYOCARDIAL INFARCTION 


Myocardial infarction is uncommonly reported in 
dogs and cats but does occur in a number of diverse, 
although often poorly characterized, settings.*°7°!" 213, 
215, 220, 221, 21a Whereas most infarctions in humans result 
from coronary atherosclerosis with superimposed coro- 
nary thrombosis, canines and felines usually have non- 
atheromatous coronary artery disease. 

In felines, myocardial infarction is frequently ob- 
served at necropsy to be associated with cardiomyopa- 
thies.2!* %15. ° In hypertrophic cardiomyopathy with 
thromboembolism, infarction has been noted at the 
LV apex (Fig. 36-14) and may involve the papillary 
muscles; occasional extramural coronary arterial 
thrombosis has also been recognized in these cases.*" 
In addition, cases of idiopathic myocardial failure, re- 
strictive cardiomyopathy, and unclassified myocardial 
diseases have been observed with regions of infarcted 
LV posterior wall at the papillary muscle level (Fig. 
36-15). 

In dogs, myocardial infarction (especially micro- 
scopic) has been observed in a variety of conditions. 
These include in the hearts of old dogs with degenera- 
tive valvular disease, in subaortic stenosis, in occasional 
myocardial disorders, and secondary to noncardiac 
conditions, including sepsis and pulmonary neoplasia. 


GROSS FINDINGS. Infarction appears grossly as focal, 
dark gray, or pale myocardium. Atherosclerosis is a 
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FIGURE 36-14 


A heart transected in the long axis of a cat with hypertrophic 

cardiomyopathy and sudden death. A large, acute myocardial 

infarct encompasses the apical third of the hypertrophied left 

ventricle, appearing darker than adjacent myocardium. Arrows 
delineate the border of infarcted myocardium. 


rare finding, but affected animals may have yellow- 
white, dilated, and tortuous coronary arteries with ad- 
jacent irregular, dull foci of infarcted myocardium (see 
Fig. 33-4). 2 With coronary amyloidosis and myo- 
cardial necrosis, gross changes are nonspecific, but the 
LV may contain focal or diffuse pale infarcted areas 
associated with variable degrees of coronary arterial 
occlusion. '*” 207, 213, 214 Tn some dogs the origin of coro- 
nary emboli has been associated with neoplastic tissue 
from the lungs.” Others have reported that dogs with 
septicemia’ or vegetative endocarditis and coronary 
vasculitis had coronary thromboembolism and hemor- 
rhagic necrosis of adjacent myocardium.!2” 215 220, 223 
In dogs with severe right or left ventricular pressure 
overload from pulmonic or aortic stenosis, respectively, 
circular myocardial necrosis may occur as a concentric, 
pale, dull, or dark purple region involving subendocar- 
dial portions of hypertrophied ventricular myocar- 
dium, including papillary muscles and trabeculae car- 
neae.2!> 220 


HISTOLOGIC FEATURES. In general, infarcted myocar- 
dium reveals myocyte streaking and waviness; sarco- 
plasmic coagulation, vacuolization, and fragmentation; 


contraction bands; myocytolysis and fragmentation. 
There is excessive extracellular ground substance and 
occasional extravasation of erythrocytes separating af- 
fected myocytes. Atherosclerotic, thromboembolic, am- 
yloid, or vasculitic coronary arteries are usually en- 
closed in adjacent necrotic myocardium. Contraction 
bands, fragmentation, and vacuolization of sarcoplasm 
with or without extravasation of erythrocytes in and 
around the affected myocytes is observed in circular 
myocardial necrosis, with minimal coronary artery 
changes. In cases of severe feline hypertrophic cardio- 
myopathy, focal interstitial or massive myocardial fi- 
brosis and acute vacuolar and/or coagulative necrosis 
may occur. Abnormal coronary arteries characterized 
by thickened walls and decreased luminal size oc- 
curred in about one third of affected hearts,.'°7 *°7?!° 
213-215, 220, 221 Tn old dogs with chronic acquired valve 
disease, myocardial necrosis and fibrosis in the pres- 
ence of intramural coronary artery diseases is a com- 
monly reported microscopic finding, presumably re- 
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FIGURE 36-15 


A heart transected in the long axis from a 15-year-old male 
domestic short-hair cat with myocardial failure. Necropsy 
measurement of the interventricular septum (IVS) was 
approximately 9 mm, and the basal LV free wall (LVW) was 7.5 
mm. Notice the dramatic segmental thinning of the LV free wall, 
which measured 3 mm between the arrows (contrast this to the 
thicker contiguous basal and apical wall segments). 
Echocardiographic imaging showed this thinned segment to be 
severely hypokinetic. This region was characterized histologically by 
replacement fibrosis associated with a chronic transmural 
myocardial infarction. Ao, aortic root; LAu, left auricle. 


sulting from focal ischemia caused by narrowing of 
affected intramural arteries.'?” #7. 210, 221 Microscopic 
intramural myocardial infarction (MIMI) in these 
hearts had been reported in early literature?** but has 
received little attention in the past 3 decades. 


AGE AND THE CARDIOVASCULAR SYSTEM 


Age-associated changes have been well documented 
in the human cardiovascular system and could influ- 
ence diagnosis and treatment in certain geriatric pa- 
tients." Increased LV wall thickness has been re- 
ported to involve the interventricular septum in one 
study”° and the LV posterior wall in another,” al- 
though overall cardiac size did not change. Mean heart 
weights progressively increased, then declined in very 
old age. Mean valve circumferences increased progres- 
sively with age. In the myocardium, increased myocyte 
size with age-associated loss of myocytes occurs. Degen- 
erative changes include lipid deposition; tubular dila- 
tion; lipofuscin deposition; decreased mitochondrial 
oxidative phosphorylation; delayed protein synthesis; 
a decreased number of SA nodal cells (AV node and 
His bundle show less change); and a slight increase in 
elastic tissue, fat, collagen, and fibrotic foci.” In the 
AV conduction system of large breed dogs over 5 years 
of age, increased fibrous connective tissue, infiltration 
of adipose tissue, loss of conduction fibers, and focal 
fibrosis extending from the central fibrous body have 
been documented. Thickened medial and intimal pro- 
liferation in small intramural coronary arterioles sup- 
plying the AV node were detected in half of these 
dogs.™* A profound age-related decrease in cardiac B- 
adrenergic responsiveness (including down regulation, 
decreased agonist binding of B-l receptors, uncou- 
pling of B-2 receptors, and abnormal G protein- 
mediated signal transduction) has been reported in 
humans”? and in animal models. Systolic function in 
humans is well preserved, but diastolic filling is dramat- 
ically altered by aging, with elderly subjects exhibiting 
a doubling of percent atrial contribution to ventricular 
filling.” 
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Necropsy 
Techniques for 
the Heart and 
Great Vessels 


SANFORD P. BISHOP 


OBJECTIVES FOR THE NECROPSY 
EXAMINATION 


The major goal of necropsy is to record gross anatomic abnormalities and 
determine the cause of death. Specialized methods for specific anatomic, 
immunohistochemical, and electron microscopic examination are sometimes 
employed. Postmortem methods should be guided by a thorough review of 
the clinical history and data base and have been developed for examination 
of the cardiovascular system.'® 


NECROPSY PROCEDURES 


EXTERNAL EXAMINATION 


A thorough external examination is first conducted. Body weight and 
general body condition are recorded. Particular attention is given to any 
abnormal fluid accumulations that will affect measured ratios of heart or 
chamber weight to body weight.’ The left thoracic cavity is opened by cutting 
the ribs at the sternal border near their vertebral connection, and reflecting 
the rib cage dorsally. Thoracic arteries and veins are dissected in situ and 
examined for abnormalities. For example, attention is directed to the liga- 
mentum arteriosus (possible patent ductus arteriosus); vessels originating 
from the aortic arch (aberrant origin of left subclavian artery); location of 
the venae cavae and azygos vein (persistent left anterior vena cava); the 
presence of thrombi or masses; the general relationship of the heart and 
great vessels; and any adhesions. 


EXTRACTING THORACIC ORGANS 


The heart and lungs are then removed en bloc from the thorax, including 
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the entire trachea and larynx, transecting the large 
vessels at the thoracic inlet and diaphragm. The peri- 
cardium should be opened, noting any fluid accumula- 
tion, and the lungs removed by transecting the pulmo- 
nary artery and veins 1 to 3 cm from their origin. The 
aorta and venae cavae are transected 1 to 3 cm from 
the heart. The external cardiac surface is examined 
for fibrin tags, scars, or other abnormalities. 


OPENING THE HEART 
RIGHT ATRIUM AND VENTRICLE 


Next, the heart is opened by an initial incision into 
the main pulmonary artery. This is then extended into 
the right ventricle along the junction of the right 
ventricular free wall and the interventricular septum, 
downward to the cardiac apex following the septal wall, 
and finally up the posterior heart border into the 
right atrium (RA). In the RA, the incision is made 
approximately 1 cm dorsal and parallel to the coronary 
groove into the right auricle. The cranial vena cava is 
not incised, since this would destroy the sinoatrial 
node for histologic examination (Fig. 37-1A,B). 


LEFT ATRIUM AND VENTRICLE 


By inserting a blade into one of the pulmonary veins 
and extending the incision into the left auricle, the 
left atrium (LA) is opened. The endocardial surface 
of the LA is examined for focal endocardial thick- 
ening, jet lesions, or endocardial tears indicative of 


VENTRICLE 
C D 


VENTRICLE 


mitral valve insufficiency,’ or for thrombi in cats. Mi- 
tral valve leaflets are carefully inspected from the left 
atrium before incising the mitral annulus, taking care- 
ful note of the valve surface and the chordae tendineae 
for thickening, vegetations, or rupture. 

An incision is then made down the left ventricular 
posterior wall between the posterior papillary muscle 
of the left ventricle (LV) and the interventricular sep- 
tum (it is necessary to cut some of the chordae tendi- 
neae of the mitral valve). If it is desired not to cut 
these chordae tendineae, the incision should be made 
directly through the middle of the posterior papillary 
muscle. In this fashion the LV is opened with an inci- 
sion from the LA to the left ventricular apex, bisecting 
the posterior papillary muscle. The LV incision is then 
continued from the apex toward the base, along the 
anterior wall of the heart and into the LV outflow tract 
to the aorta (Fig. 37-1C,D). In the cat, care should be 
taken to avoid inadvertent cutting of abnormal left 
ventricular moderator bands, if present, which may 
bridge the left ventricular septum and free wall.” Ulti- 
mately, these may need to be severed to permit reflec- 
tion of the left ventricular wall. The heart is now 
completely opened, and all the valvular complexes and 
endocardium may be examined. 


NECROPSY MEASUREMENTS 
ATRIOVENTRICULAR ANNULUS 


Using a flexible ruler or a piece of string, the 
opened left and right atrioventricular (AV) valve rings 


FIGURE 37-1 


Diagram of heart opened along 
lines of blood flow as described 
in text. Numbered drawings 
illustrate the shape and location 
of tissues removed for histologic 
section. (A) Right ventricular 
cavity, right ventricular outflow 
tract, and pulmonary artery. (B) 
Right ventricle and right atrium. 
(C) Left ventricle, left ventricular 
outflow tract, and aorta. (D) Left 
ventricle and left atrium. 


RIGHT VENTRICLE 


INTERVENTRICULAR 
SEPTUM 
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TABLE 37-1 
Heart Weight, Body Weight, and Associated Ratios in Normal Dogs and Cats 
BW HW/BW RV/BW LV+S/BW RV/HW LV + S/HW LV+S/RV 
(kg) (g/kg) (g/kg) (g/kg) (g/kg) (g/kg) (g/kg) 
Normal (mean) 10.22 6.69 1.37 4.25 0.207 0.650 3.13 
Beagle (n = 26) (SD) 1.23 0.68 0.17 0.42 0.014 0.034 0.23 
Normal (mean) 13.49 7.41 1.67 4.71 0.225 0.635 2.82 
Mixed-breed dogs (n = 47) (SD) 5.18 1.02 0.26 0.67 0.2 0.028 0.23 
Normal (mean) 3.08 3.68 0.67 2.41 0.184 0.659 3.56 
Cats (n = 33) (SD) 0.57 0.60 0.15 0.37 0.025 0.025 0.23 


BW, body weight; HW, total heart weight; LV +S, left ventricle plus septum; RV, right ventricular free wall; SD, standard deviation. 


should be measured. These are expressed as a ratio of 
left-to-right AV ring circumference. The normal ratio 
for the dog (mean + standard deviation) is 0.90 + 
0.07; for the cat, 0.82 + 0.07. Deviations from this 
ratio are useful indicators of AV ring dilation. 


HEART WEIGHT RATIOS 


The heart is weighed after completely trimming ex- 
traneous tissue at the base. The ratio of heart weight 
to total body weight is used to assess cardiac or specific 
heart chamber mass and hypertrophy between animals 
or to a normal set of values (Tables 37-1, 37-2). To 
quantify the degree of left or right ventricular hyper- 
trophy or atrial enlargement, weights of the combined 
atria, right ventricular free wall, and the combined LV 
and interventricular septum should be obtained. The 
dissection is made by completing the separation of the 
right ventricular free wall from the RA at the coronary 
groove, continuing through the crista supraventricu- 
laris to the pulmonic valve. The LA is separated com- 
pletely from the LV at the AV ring. The RV free wall 
weight and combined LV and interventricular septal 
weight are obtained. 

One must be careful to avoid spurious changes in 
total body weight resulting from disease or therapy. 
For example, morbid obesity, severe ascites, or other 
effusions will cause the heart weight to body weight 
ratio to become lower than normal; conversely, severe 
loss of body weight as in chronic cachexia may cause a 


greater than normal heart weight to body weight ratio. 
Normal total cardiac and regional weight ratios for a 
group of colony-raised beagles, a group of mixed-breed 
dogs, and normal adult cats are given (Table 37-1). 
Heart weight to body weight ratios in various feline 
myocardial diseases and for another group of normal 
cats are also listed (Table 3'7—2).'° The use of a mea- 
surement not affected by body condition, such as tibial 
length or brain weight, has been utilized by some 
investigators to normalize cardiac weights, thus 
avoiding the problem of changes in body condition. 


WALL THICKNESS ` 


Measurement of wall thickness of the ventricles is 
markedly affected by the stage of rigor mortis, which 
is influenced by terminal disease conditions, time after 
death, and temperature. Thus, postmortem changes 
may alter wall thickness, resulting in values consider- 
ably different from premortem values. Generally, LV 
wall thickness at necropsy exceeds that recorded by 
echocardiography during life." 

Wall thickness measurements of the interventricular 
septum and the left ventricular free wall are useful to 
assess various forms of hypertrophic cardiomyopa- 
thy.'°'? To make this measurement, an incision is made 
from base to apex, perpendicular to the endocardial 
and epicardial surfaces, through the interventricular 
septum below the aortic valves and the LV free wall 
between the papillary muscles. Wall thickness is mea- 


TABLE 37-2 
Heart Weight, Body Weight, and Associated Ratios in Normal and Cardiomyopathic Cats 
Body Weight Heart Weight Heart Wt/Body Wt 

Myocardial Disease Number (kg) (g) (g/kg) 
Hyperthyroid 23 3.3 + 0.3 22.6 + 2.1 7.0 + 0.3 
Restrictive 15 4.5 + 0.2 30.6 + 1.7 6.4 + 0.3 
Symmetric hypertrophic 35 4.5 + 0.2 27.5 + 0.8 6.3 + 0.1 
Asymmetric hypertrophic 16 44+ 0.1 27.5 + 0.8 6.3 + 0.3 
Dilated (congestive) 21 4.5 + 0.1 24.1 + 0.9 5.4 + 0.3 
Excessive moderator band 21 45 + 0.2 21.6 + 0.8 4.5 + 0.2 
Control (normal) 36 4.8 + 0.2 18.4 + 0.6 3.83 + 0.2 


Values are mean + SEM. 


From Liu SK, Peterson ME, Fox PR: Hypertrophic cardiomyopathy and hyperthyroidism in the cat. J Am Vet Med Assoc 185:52, 1984. 
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sured at the thickest point in each wall, usually about 
one fourth the distance from the base to the apex, 
avoiding papillary or trabecular muscles. Normal ratios 
of interventricular septum/LV free wall thickness 
should not exceed 1.2 to 1.3 in dogs or cats.' "= 
Ratios greater than these values indicate asymmetric 
septal hypertrophy. 

Measurement of chamber diameter is difficult and 
imprecise in the unfixed opened heart. Nevertheless, 
a subjective evaluation of the degree of chamber dila- 
tion or hypertrophy is made by inspecting the general 
chamber shape, and the size of the papillary muscles. 
Papillary muscles assume a smaller, more flattened 
form in dilated hearts and a more thickened, promi- 
nent form with hypertrophy. 


HISTOPATHOLOGIC 
EVALUATION 
OF THE HEART 


Tissue for histopathology should be fixed in 10 per- 
cent phosphate-buffered formalin for a minimum of 
24 hours. All clotted blood should first be removed 
by gentle washing in fixative. Histopathologic sections 
should be taken as blocks of tissue less than 3 mm 
thick. The location and shape of tissue blocks, which 
should include all major anatomic regions of the heart, 
is illustrated in Figure 37-1. To aid in histopathologic 
evaluation, a hematoxylin and eosin stain, a trichrome 
stain (for fibrosis), and an elastin stain are recom- 
mended. The Gomori aldehyde fuchsin stain with a 
Gomori trichrome counterstain is useful to identify 
collagen and elastic tissue. 


SPECIAL FIXATION PROCEDURES 


The choice of fixative depends on the studies to be 
performed. For light microscopy, 10 percent phos- 
phate-buffered formalin is appropriate. Electron mi- 
croscopy requires glutaraldehyde or paraformaldehyde 
fixation. A 2 percent phosphate- or cacodylate-buffered 
glutaraldehyde gives ideal fixation for electron micros- 
copy but renders the tissue somewhat brittle, causing 
difficulty in sectioning paraffin-embedded tissue. A 
combination of 1 percent glutaraldehyde and 1 per- 
cent paraformaldehyde (modified Karnofsky fixative) 
provides a compromise, with excellent fixation and 
cutting properties for both paraffin- and epoxy-embed- 
ded tissues. 


IMMERSION FIXATION OF THE ENTIRE HEART 


Specialized fixation procedures are required for 
more precise gross and histopathologic evaluation. Im- 


mersion fixation of the entire heart is required if com- 
parison of gross chamber and wall measurements with 
antemortem imaging tests is desired.® Each atrium 
should first be opened by a single short incision, and 
the blood removed by flushing with an isotonic solu- 
tion such as saline. The ventricles and atria are loosely 
packed with cotton soaked in 10 percent buffered 
formalin to hold the chamber walls in a shape approxi- 
mating that in vivo. The entire heart is then immersed 
in 10 percent phosphate-buffered formalin for several 
days. After fixation, the packing is removed and the 
heart opened by either transverse or longitudinal cuts. 
The “breadloaf” method of opening the heart (Fig. 
37-2) is useful for examining and measuring wall and 
chamber dimensions to provide comparison with simi- 
lar measurements obtained during life. Successive 
slices from base to apex may be quantitatively mea- 
sured with computer-assisted digitizer methods to de- 
termine ventricular mass, areas of fibrosis, infarct size, 
chamber dimensions, and wall-to-lumen 
ships.'* !° 

Comparison of the fixed heart with base-apex views 
obtained by two-dimensional echocardiography is best 
done by opening the heart longitudinally from base to 
apex (Fig. 37-3).° The fixed heart should be transected 
through both atria, the LV free wall, interventricular 
septum, and RV free wall to reveal all walls and cham- 
bers. This technique is reliable to compare gross patho- 
logic necropsy changes with antemortem patterns of 
hypertrophy assessed by two-dimensional echocardiog- 
raphy in cats.'* 


relation- 


PERFUSION FIXATION 


Perfusion fixation of the heart is the preferred 
method for electron microscopy and is essential for 


FIGURE 37-2 


Diagram illustrating a technique for evaluating the heart using 
multiple, transverse, cross-sectional slices from apex (slice a) to 
base (slice g). This is useful for observing distribution of 
myocardial wall lesions or patterns of ventricular hypertrophy, 
especially when areas of focal thickening are present. 
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FIGURE 37-3 


Canine heart opened according to a transverse base-to-apex 


orientation. This method of dissection is particularly suitable for 
comparing the gross heart to tomographic planes accessible with 
two-dimensional echocardiography, especially the right parasternal 
long axis view. RA, right atrium; LA, left atrium; S, interventricular 
septum; LVW, left ventricular free wall; Rw, right ventricular wall; 
A, ascending aorta; p, papillary muscle. Curved black arrows below 
the LA point to the mitral valve leaflets and define the left 
ventricular inflow tract; white arrows below the RA point to 
tricuspid valve leaflets and define the right ventricular inflow tract; 
straight black arrow is in the left ventricular outflow tract, and 
aortic valve cusps lie just distal to the arrow. This dog had 
documented primary pulmonary hypertension. The right ventricle 
is enlarged, and hypertrophy of the right ventricular wall is 
present. (Courtesy of Dr. Philip R. Fox.) 


quantitative studies of vascular morphology. Its use is 
generally reserved for research applications. Due to 
the elastic nature of blood vessels, severe morphologic 
distortion results from immersion fixation from vascu- 
lar contraction. Perfusion fixation is the preferred 
technique to counteract these potential artifacts. 


TECHNIQUE. Perfusion fixation is best accomplished 
in situ under deep anesthesia but can also be done 
on a freshly extirpated heart. After wide left lateral 
thoracotomy, loose umbilical tape ligatures are placed 
around the brachycephalic and subclavian arteries. As 
large a cannula as will be accommodated is tied retro- 
gradely into the descending thoracic aorta, with the 
tip in the aortic arch directed toward the heart. The 
cannula is connected by a Y connector and tubing to 
two reservoir bottles. One contains a physiologic solu- 
tion (phosphate-buffered saline) or a suitable cardi- 


oplegic solution; the other, a fixative. Alternatively, 
cannulae may be placed in one or more individual 
coronary arteries for selective perfusion. Perfusion is 
performed at a pressure equivalent to in vivo diastolic 
pressure (about 90 mmHg). It is maintained either by 
gravity, placing the reservoir bottles at the appropriate 
height, or by a pump with a manometer. The heart is 
arrested with saturated KCl and the isotonic solution 
flow started. Simultaneously, aortic branches are li- 
gated to direct all flow to the heart, and the RA or 
vena cava opened to allow escape of fluid returning 
from the coronary sinus. Within 2 to 4 minutes, blood 
will have been washed from the vasculature, and flow 
is switched to the fixative solution. Flow is continued 
for 10 to 15 minutes until the heart is uniformly hard- 
ened. 
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the Heart 
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Cardiovascular disease stimulates physiologic and neurohumoral compen- 
satory mechanisms (chapter 11), which can modify myocardial and pulmo- 
nary function, result in arrhythmias and circulatory disturbances, and 
thereby modify the effects of anesthesia. Some animals have only mild heart 
disease, incidental to the more significant conditions for which anesthesia is 
required. In other cases, cardiovascular derangement constitutes a major 
clinical concern complicating anesthetic induction and maintenance, or it 
poses increased anesthetic risk. 

Increasingly, trends in veterinary medicine emphasizing the human-animal 
bond call for more sophisticated medical and surgical treatment. This often 
involves anesthetic management of relatively high-risk patients because of 
congenital or acquired cardiovascular disorders or systemic diseases. 

All anesthetic agents either depress cardiovascular function directly or 
affect reflex cardiovascular mechanisms indirectly. Although routine anesthe- 
tic techniques are generally well tolerated by healthy pets, they may poten- 
tially destabilize animals with heart disease. No single ideal anesthetic regi- 
men is appropriate for all patients with heart disease; each case must be 
individually assessed with regard to cardiovascular pathophysiology, coexist- 
ing systemic or metabolic diseases, hemodynamic effects of the surgical 
procedure, influence of anesthesia on the cardiovascular system, and poten- 
tial interactions between the anesthetics and concurrent medication (Table 
38-1) .'-* 

Prior to anesthetic induction, attention is directed toward cardiovascular 
assessment and patient stabilization. Selection and administration of appro- 
priate anesthetic drugs require thorough knowledge of their cffects on 
cardiovascular hemodynamics; appropriate patient monitoring, early recog- 
nition, and treatment of complications if they arise. 


PREOPERATIVE PATIENT ASSESSMENT 


The presence of heart disease usually dictates that a more specific and 
complete preoperative workup than normal be completed.*' 


HISTORY 


A complete and insightful history helps determine the presence of sys- 
temic, metabolic, or cardiovascular compromise; the stage of heart failure; 
and the rate of disease progression. Knowledge of current drug therapy and 
associated patient response is important. Specific questions should be asked 
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TABLE 38-1 
General Templates and Examples of Sedation, Analgesia, and Anesthesia for Cardiac Patients* 


Anesthesia 
Cardiovascular Sedation Analgesia 
Disorder Only Only Premedication Induction Maintenance Avoid 
Dog 
MR (moderate) A, AOp, Op B, M, O, Fp A, AOp, Op KBen, P, I + Op X 
OBen, FBen 
MR (severe) A, AOp, Op B, M, O, Fp A, AOp, Op KBen, OBen, I+ Op X 
FBen 
DCM Op, OpBen B, M, O, Fp Op, OpBen KBen, OBen, I + Op A,X 
FBen 
SAS Op, OpBen B, M, O, Fp Op, OpBen KBen, P, I+ Op A, At, Gy, 
OBen, FBen X 
PS A, AOp, Op B, M, O, Fp A, AOp, Op OBen, FBen, P I + Op 
PH A, AOp, Op B, M, O, Fp A, AOp, Op OBen, FBen, P I+ Op X 
AF Op, OpBen B, M, O, Fp Op, OpBen OBen, FBen, P I + Op At, Gy, X 
SSS A, AOp, Op B, M, O, Fp A, AOp, Op KBen, P, I+ Op 
OBen, FBen 
PDA A, AOp, Op B, M, O, Fp A, AOp, Op KBen, P, I + Op 
OBen, FBen 
Cat 
HCM (no failure) A, AB, AM B, M, O, Fp A, AB, AM KBen, P I+M X 
HCM (failure) B, BBen, M, B, M, O, Fp B, BBen, M, P, I I+M A,X 
MBen MBen 
DCM B, M, KBen B, M, O, Fp B, M, K KBen, I I+M X 
HT B, BBen, M, B, M, O, Fp B, BBen, M, P, I I+M K, X 
MBen MBen 
SHP A, ABen, AB, B, M, O, Fp A, ABen, AB, P, I I+M K, X 
ABBen ABBen 


*Drugs separated by a comma (,) indicate that one of these drugs can be selected. Drugs not separated by a comma are to be given together (not necessarily 


in the same syringe). Check package insert for compatibility. 


Drugs 

A = Acepromazine (0.01-0.05 mg/kg IM, SC, or IV) 

AT = Atropine 

B = Butorphanol (0.05-0.2 mg/kg IM, SC, or IV) 

Ben = Benzodiazepines, including diazepam (0.05-0.5 mg/kg IV) or midazolam (0.1-0.2 mg/kg IM or Iv) 

F = Fentanyl (0.01-0.2 mg/kg IV) ` 

Fp = Fentanyl patch 

Gy = Glycopyrrolate 

I = Isoflurane 

K = Ketamine (5-8 mg/kg IV) 

M = Morphine (0.5-1.0 mg/kg IM, 2—4 hours) or oxymorphone (0.05-0.1 mg/kg IV, 6-8 hours) 

(0) = Oxymorphone (0.2 mg/kg) 

Op = Opioid choice includes butorphanol (0.05-0.2 mg/kg IM, SC, or IV), oxymorphone (0.05-0.15 mg/kg IM, SC, or IV), meperidine (2-5 mg/kg IM, 
SC), morphine (0.5-1.0 mg/kg IM or SC) 

P = Propofol (6-8 mg/kg) 

X = Xylazine 


Specific Cardiovascular Diseases 


AF = Atrial fibrillation 

DCM = Dilated cardiomyopathy 
HCM = Hypertrophic cardiomyopathy 
HT = Hyperthyroid 

MR = Mitral regurgitation 
PDA = Patent ductus arteriosus 
PH = Pulmonary hypertension 
PS = Pulmonic stenosis 

SAS = Subaortic stenosis 

SHP = Systemic hypertension 
SSS = Sick sinus syndrome 


Courtesy of Dr. Paula Moone. 


about the common signs of cardiac disease, including 
coughing, dyspnea, weight loss, edema, exercise intol- 
erance, or syncope (chapter 4). 


PHYSICAL EXAMINATION 


Important hemodynamic consequences of heart dis- 
ease may be disclosed by thorough physical examina- 


tion (chapter 5). The examination helps judge sys- 
temic output (e.g., pallor or prolonged capillary refill 
time, mental depression, abnormal jugular venous or 
femoral arterial pulses); uncover stenotic or incompe- 
tent cardiac valves (auscultation); detect arrhythmias 
(palpate arterial pulse deficits while auscultating brady- 
or tachyarrhythmias); uncover respiratory disease or 
pulmonary edema (auscultate abnormal lung sounds); 


percuss abnormal fluid accumulations; and detect ab- 
normal cardiac loading conditions (effusions, jugular 
venous pulses, respiratory crackles). 


DATA BASE 


The minimum preanesthetic cardiac data base in- 
cludes (1) an electrocardiogram (ECG) with long 
rhythm strip, (2) thoracic radiographs, (3) a biochemi- 
cal profile (for adult and geriatric animals or juveniles 
with congestive heart failure), and (4) serum thyroxine 
(T4) assay or triiodothyronine (T3;) suppression test for 
older cats (>7 years of age) with suspected hyperthy- 
roidism. 


BIOCHEMICAL PROFILE AND URINALYSIS. Systemic or met- 
abolic diseases that can adversely influence anesthesia 
may be uncovered. Specific tests of interest include 
serum electrolytes (Na*, K*, Cl~, Ca®?*), renal indices 
(BUN, creatinine), serum albumin, liver enzymes (ala- 
nine aminotransferase, aspartate aminotransferase, se- 
rum alkaline phosphatase), and serum glucose. Car- 
diac arrhythmias and poor myocardial performance 
may be associated with electrolyte imbalances.” * Hy- 
percalcemia may indicate paraneoplastic syndromes 
caused by neoplasia. Elevated BUN and creatinine may 
suggest low cardiac output, especially in animals with 
systolic (i.e., pumping) dysfunction or primary renal 
insufficiency. Prerenal azotemia is common in pets 
with decompensated heart failure. Renal insufficiency 
can be exacerbated by hypotension with prolonged 
anesthesia, especially if renal dysfunction is already 
present.* Anesthetic agents should be selected that 
minimally decrease systemic blood pressure, and they 
should be combined with intravenous volume expan- 
sion to maintain renal perfusion. Elevations of liver 
enzymes may occur from chronic passive liver conges- 
tion caused by heart failure and with feline hyperthy- 
roidism. Decreased serum albumin levels may indicate 
liver dysfunction or protein-losing disease. With heart 
failure, it may contribute to peripheral and pulmonary 
edema formation. The dosage of highly protein-bound 
drugs may need to be reduced owing to an increase in 
the unbound active drug fraction.’ Urinalysis should 
accompany any geriatric data base. 


HEMOGRAM. Anemia can impair oxygenation during 
anesthesia; polycythemia increases blood viscosity, de- 
creases tissue oxygenation, and often indicates signifi- 
cant right-to-left shunting of blood. Packed cell volume 
and total protein give an indication of hydration status. 
Elevated white blood cell counts may indicate stress, 
infection, or inflammatory diseases. Cellular atypia 
may suggest systemic disorders (leukemia, heartworms 
[eosinophilia and basophilia], or lead toxicity [baso- 
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philic stippling of reticulocytes and nucleated red 
blood cells]). 


BLOOD GAS ANALYSIS. Arterial and venous blood gas 
analysis can indicate metabolic status and ventilatory 
capacity and provide evidence for the presence of 
shunts. Metabolic acidosis may result from poor tissue 
perfusion and warrant measures to improve cardiac 
output. Base deficits can be detected and corrected. 
Ventilatory support, either before or immediately after 
anesthetic induction, may help maintain normocapnia 
if respiratory acidosis is present. Metabolic alkalosis, 
often accompanied by hypokalemia, is a potential com- 
plication of chronic diuretic therapy.° 


SERUM THYROID HORMONE DETERMINATION. Untreated 
hyperthyroidism poses increased anesthetic risk. Se- 
rum T, concentration should be measured in older 
cats (> 7 years of age) suspected of being thyrotoxic 
(chapter 34). Hyperthyroidism is associated with heart 
failure and arrhythmias. 


ELECTROCARDIOGRAM. The ECG records heart rate 
and rhythm; records nonspecific changes with certain 
acid-base and electrolyte imbalances, hypoxia, or 
myocardial infarction; and implies cardiac chamber 
enlargement. Certain arrhythmias confer increased an- 
esthetic risk, especially when combined with the de- 
pressant effects of anesthetics. These include persistent 
ventricular tachycardias (especially those nonrespon- 
sive to antiarrhythmic therapy); heart rates less than 
60 beats per minute in dogs and less than 80 in cats 
that do not increase in response to anticholinergics; 
or right bundle branch block that develops as a mani- 
festation of progressive heart disease. Symptomatic 
bradycardias may require preanesthetic placement of a 
temporary intravenous pacemaker to maintain cardiac 
output, especially during anesthesia for permanent 
pacemaker implantation.” 


THORACIC RADIOGRAPHS. Chest films indicate cardio- 
megaly and vascular perfusion; confirm and delineate 
respiratory and heartworm disease; and disclose the 
presence of pulmonary edema, pleural effusion, 
masses, or other cardiopulmonary disorders. 


ECHOCARDIOGRAPHY. Valuable information can be ob- 
tained about cardiac structure and function. This is 
especially useful for congenital heart disease, pericar- 
dial disease, feline myocardial disorders, a number of 
acquired cardiac conditions, and when pleural effusion 
obscures radiographic evaluation of the cardiac silhou- 
ette. 


ADDITIONAL INFORMATION. Noninvasive blood pressure 
measurement, angiography, or cardiac catheterization 
is sometimes required. 
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PREOPERATIVE PATIENT 
PREPARATION 


The patient should be stabilized before induction of 
anesthesia. Serious arrhythmias should be corrected 
whenever possible. It is important to establish a stable 
rhythm that maximizes cardiac output and minimizes 
the potential of malignant arrhythmia development. 
Before administering antiarrhythmic drugs, either sys- 
temic or metabolic abnormalities or concurrent medi- 
cation responsible for the rhythm disturbance should 
be discovered and corrected. The choice of appro- 
priate fluid therapy will help maintain appropriate 
electrolyte balance and maintain intravascular volume. 
Correct administration rates and volumes will help 
avoid pulmonary edema in cardiac patients and main- 
tain adequate preload in volume-depleted animals. 


INTERCURRENT DRUG 
THERAPIES 


A rule of thumb for deciding the necessity for con- 
current drug therapy is to continue drugs if (1) they 
have improved the patient’s condition, (2) they have 
produced hemodynamic or metabolic stability, or (3) 
drug discontinuation could be associated with adverse 
effects or patient instability. The concurrent use of 
drugs with significant protein binding may decrease 
the required dose of certain anesthetic drugs, such as 
barbiturates or diazepam.? 


INOTROPIC SUPPORT 


For enhanced preoperative or intraoperative inotro- 
pic support, the sympathomimetic agents dopamine 
or dobutamine can be administered by intravenous 
constant rate infusion. These drugs are more potent 
than digitalis, and their cardiovascular effects are more 
easily controlled (chapters 12, 15).8 In animals receiv- 
ing digitalis glycosides, drugs should be continued 
prior to anesthesia if they are controlling supraventric- 
ular arrhythmias or helping maintain cardiac com- 
pensation. It is important to maintain normal] serum 
potassium levels in the digitalized patient to avoid 
exacerbating toxicity. 


BETA-ADRENERGIC BLOCKING AGENTS 


Propranolol, atenolol, and similar drugs are used to 
treat hypertrophic cardiomyopathy and tachyarrhyth- 


mias, and as palliative therapy for tetralogy of Fallot. 
Certain cautions must be considered with these agents 
regarding anesthesia. For example, their antiadrener- 
gic activity can add to the negative inotropic effects of 
inhalation agents. Bronchoconstriction may be exacer- 
bated in asthmatics or in patients with chronic obstruc- 
tive pulmonary disease because bronchodilation, a re- 
sponse to Be-adrenergic stimulation, is blocked by 
propranolol. But because sudden withdrawal of pro- 
pranolol can result in tachycardia, arrhythmias, and 
hypertension,’ it should be continued prior to anesthe- 
sia with appropriate patient monitoring. If necessary, 
the B-blockade of propranolol may be overcome intra- 
operatively with B-adrenergic agonists, such as dopa- 
mine or dobutamine.* 


CARDIOGENIC PULMONARY 
EDEMA 


This should be treated preoperatively with furose- 
mide, vasodilators, and positive inotropes where indi- 
cated (chapter 13).° Intraoperative measures to im- 
prove gas exchange after endotracheal intubation may 
be beneficial and include supplemental oxygen admin- 
istration, bronchodilators, and suction. Positive end- 
expiratory pressure (PEEP) and positive-pressure venti- 
lation (PPV) after intubation may also help increase 
the arterial oxygen content by reducing alveolar flood- 
ing by edema." 


CIRCULATORY SHUNTS 


These may have a direct effect on induction of anes- 
thesia. Left-to-right shunts, such as a large ventricular 
septal defect or patent ductus arteriosus, cause pulmo- 
nary hyperperfusion. Rapid uptake of inhalation 
agents and induction may result, causing acute central 
nervous system (CNS) depression. A left-to-right shunt 
may cause a delay in anesthetic effect after administra- 
tion of an intravenous induction agent because a por- 
tion of the bolus is recirculated through the pulmo- 
nary vasculature before making its way to the central 
nervous system (CNS).> Fatal overdosage could result 
if the initial bolus is promptly followed by additional 
drug administration before adequate time for induc- 
tion has elapsed. 

Right-to-left shunts, such as tetralogy of Fallot, produce 
pulmonary hypoperfusion. Decreased pulmonary 
blood flow may result in slow induction when using 
inhalation agents. By contrast, intravenous induction 
agents produce a rapid onset of action, because drug 
boluses partially bypass the pulmonary circuit, travel- 


ing immediately to the systemic circulation and the 
CNS.’ Moreover, anesthesia may exacerbate a right-to- 
left shunt by lowering the systemic blood pressure." 
Maintaining a stable and adequate mean systemic 
blood pressure is essential to avoid this problem. 


PERICARDIAL EFFUSION 


Pericardiocentesis is recommended prior to anesthe- 
tic induction when significant pericardial effusion or 
cardiac tamponade is documented. Pericardial effu- 
sion may cause severe ventricular underfilling, de- 
crease cardiac output, lower systemic blood pressure, 
alter coronary blood flow, and predispose to myocar- 
dial ischemia.'? Anesthesia under these conditions 
could lead to ventricular fibrillation. Moreover, the 
cardiac output of patients with pericardial effusion is 
often highly dependent on heart rate, since stroke 
volume is limited by an underfilled left ventricle. 
Therefore, avoidance of drugs that result in bradycar- 
dia and prevention of deep anesthetic levels are im- 
portant. 


PLEURAL EFFUSION AND 
ASCITES 


Severe effusions can be detrimental to the anesthe- 
tized animal. Diaphragmatic pressure from ascites may 
interfere with thoracic expansion and ventilation. Se- 
vere pleural effusion will restrict lung expansion. Pre- 
operative drainage of a portion of the effusion will 
reduce associated respiratory distress. 


PNEUMOTHORAX 


When pneumothorax is severe, lung excursion and 
related ventilation are impaired. Preoperative removal 
by aspiration is required. 


ANESTHETIC CONSIDERATIONS 


ESTABLISHING ANESTHETIC RISK 


Once the patient is medically evaluated and stabi- 
lized, the severity or stage of cardiac disease and the 
relative risk of anesthesia are determined. The Ameri- 
can Society of Anesthesiologists (ASA) has developed 
a classification of patient risk category to decide the 
individual risk of anesthesia and appropriate drug 
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strategy (Table 38-2). A classification scheme devised 
by the New York Heart Association for functional 
phases of heart failure in humans has been modified 
and adapted for dogs'® (chapter 12). 

Class I heart failure is characterized by normal exer- 
cise tolerance and no overt clinical signs of heart dis- 
ease. These animals would be placed in ASA category 
2. Virtually any drug among the list of premedicants 
or induction agents (Tables 38-3 and 38-4) would 
be suitable, including potent inhalation agents and 
nitrous oxide. 

Class II heart failure is characterized by occasional 
coughing and dyspnea after strenuous exercise, but 
the animal is usually comfortable at rest. These pa- 
tients can be placed in ASA category 3. Premedication 
should be confined to diazepam, narcotics, or keta- 
mine. Induction can be carried out with intravenous 
diazepam/ketamine, narcotics, low dosages of thiobar- 
biturates or propofol, thiopental/lidocaine, or etomi- 
date. Any of the potent agents are acceptable, but it 
may be safer to supplement anesthesia with narcotics 
rather than to maintain anesthesia solely with inhala- 
tion agents. 

Class III heart failure patients cough or become 
dyspneic after minimal exercise and at night. Class 
IV heart failure describes fulminant congestive heart 
failure that is clinically obvious at rest. Class II and 
early Class IV heart failure patients become grouped 
under ASA category 4. Great care must be taken for 
successful anesthesia in these patients. Diazepam pre- 
medication in dogs and low doses of ketamine in cats 
could be used if necessary. Narcotic supplementation 
with lower doses of inhalation agents will maintain an 
adequate depth of anesthesia. 

Late Class IV heart failure animals are at very high 
risk and are placed in ASA category 5. The potential 
benefit to be derived from surgery must be weighed 
carefully against the risk of anesthesia. In dogs, nar- 
cotic agents are the safest, combined with neuromuscu- 
lar blocking drugs and local anesthesia, when possible. 
Lower dosages are necessary when heart failure be- 
comes more advanced. 


TABLE 38-2 
American Society of Anesthesiologists Risk 
Categories for Anesthesia 


ASA 
Category Patient Description 

1 Normal patient, no organic disease 

2 Patient with mild systemic disease 

3 Patient with severe systemic disease limiting 
activity but not incapacitating 

4 Patient with incapacitating systemic disease that 
is a constant threat to life 

5 Moribund patient not expected to live 24 hours 
with or without surgery 

E Emergency operation, designed by placing E 


after appropriate category 
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TABLE 38-3 
Premedicants for the Cardiovascular Patient 


Drug Dosage (mg/kg) Dog/Cat Route Class of Heart Failure ASA Category 
Atropine 0.02-0.06 Both IM/IV I-I 2—4 
Glycopyrrolate 0.005-0.01 Both IM/IV I-HI 2-4 
Lenperone 0.2-1.0 Both IM I 2 
Diazepam 0.2-0.5 Both IV I-IV 2-5 
Ketamine 5-10 Cat IM I-IV 2-5 
Innovar-Vet 0.1 Dog IM I-IV 2-5 
Morphine 0.2-0.5 Dog IM I-IV 2-5 
Oxymorphone 0.05-0.1 Both IM I-IV 2-5 
Butorphanol 0.1-0.4 Both IM I-IV 2-5 
Buprenorphine 0.005-0.02 Both IM I-IV 2-5 


IM, intramuscular; IV, intravenous. 


ANESTHESIA AND THE HIGH-RISK 
PATIENT 


Anesthetic agents may directly affect cardiac myocar- 
dial, mechanical, or electric activity. Alternatively, they 
may indirectly influence cardiac function through 
their action on the nervous system or vasculature (Ta- 
bles 38-5 and 38-6). Normally, animals have a large 
cardiovascular reserve that allows the stress of anesthe- 
sia to be well tolerated. However, patients with cardio- 
vascular compromise may have exhausted much of this 
reserve and are often unable to compensate for the 
effects of anesthetic agents. In these cases, drug dos- 
ages must be carefully titrated to the minimal amount 
required, 

There are many ways to inducé and maintain anes- 
thesia in the compromised, high-risk cardiac patient. 
Balanced anesthesia employing a combination of sev- 
eral drugs may be the best approach. It permits the 
use of lower doses, minimizes cardiovascular depres- 
sion, and allows for adjustment of variables, such as 
analgesia, muscle relaxation, and hypnosis. Clinical 
evaluation of anesthetic drug effects on cardiovascular 
function should focus on changes in heart rate and 
rhythm (ECG monitoring), arterial blood pressure, 


TABLE 38-4 
Intravenous Agents for the Cardiovascular Patient 


cardiac output (e.g., capillary refill time, mucous mem- 
brane color, urine output), and contractility (inferred 
by apex beat and heart sounds). Indirect blood pres- 
sure measurement is becoming increasingly available 


(chapter 35). 


PREANESTHETIC DRUGS 


Premedication can decrease pain and anxiety and 
thus reduce adverse changes in autonomic tone. Doses 
are titrated according to disease. In cardiac patients, 
routinely administered drugs include opioids (dogs) 
and benzodiazepines. Agents generally avoided in- 
clude acepromazine, Telozol, a,-agonists (xylazine), 
and high-doses (>5 mg/kg) of ketamine in cats (see 
Table 38-1) .'™ 


ANTICHOLINERGICS 


Atropine and glycopyrrolate are anticholinergic pre- 
medicants used mainly to increase heart rate and re- 
duce salivation (see Table 38-2). These agents exert 
peripheral vagolytic as well as transient central vagomi- 
metic effects. Peripherally, their vagolytic effects in- 


Drug Dosage (mg/kg) Dog/Cat Class of Heart Failure ASA Category 
Thiopental 8-15 Both I-II 2 
Thiopental/lidocaine 4 (each drug) Dog I-HI 2-3 
Etomidate 1-2 Both I-IV 2-4 
Propofol 2-6 Both I-IV 2-4 
Diazepam (2.5 mg/ml) 0.1-0.5 ml/kg* Both I-IV 2-4 
+ 
Ketamine (50 mg/ml) 
Oxymorphone 0.025-0.1 Both I-IV 2-5 
Fentanyl 0.002—0.006 Dog IV 2-5 
Innovar-Vet 0.5 ml/kg Dog I-IV 2-5 
Pancuronium - 0.04 Both I-IV 2-5 
Atracurium 0.15-0.50 Both I-IV 2-5 
Vecuronium 0.05-0.25 Both I-IV 2-5 


*Dose in milliliters of 1:1 diazepam:ketamine mixture. 


TABLE 38-5 


Clinical Effects of Common Premedicants 
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Myocardial Oxygen 


Drug Rate & Rhythm Changes Contractility Blood Pressure Consumption Cardiac Output 
Anticholinergics Transient AVB; sinus Slight ? NC Tt T 

tachycardia 
Phenothiazines Reflex tachycardia; l l T tT 

antiarrhythmic 
Butyrophenones Reflex tachycardia; Slight | NC NC J 

antiarrhythmic 
Benzodiazepines NC NC NC 4 NC 
Xylazine Bradycardia; 1°, 2° AVB; J Initial f, then | ij l 

arrhythmogenic 
Ketamine Sinus tachycardia tT T t 
Morphine Bradycardia; 1°, 2° AVB NC May | (histamine) NC May | (bradycardia) 
Meperidine Bradycardia; 1°, 2° AVB; l l NC 

reflex tachycardia 
Oxymorphone Bradycardia; 1°, 2° AVB NC NC NC May | (bradycardia) 
Fentanyl Bradycardia; 1°, 2° AVB NC NC NC May | (bradycardia) 
Innoyar-Vet Bradycardia; 1°, 2° AVB NC NC NC May l (bradycardia) 


NC, no change; 7, increase; |, decrease; 1°, first degree; 2°, second degree; AVB, atrioventricular block. 


crease the rate of sinoatrial (SA) node discharge and 
reduce atrioventricular (AV) node conduction time. 
As heart rate increases, cardiac output and blood pres- 
sure may become elevated secondarily. Arrhythmias 
may occur due to altered AV conduction. For example, 
when atropine is administered intravenously, transient 
heart rate slowing and first- or second-degree atrioven- 
tricular (AV) block may result from initial central ner- 
vous system vagomimetic activity.'* 

A major indication for anticholinergic use is devel- 
opment of hemodynamically severe bradycardia. Anti- 
cholinergic premedication is also indicated in animals 
whose cardiac output is highly rate dependent, such as 
may occur with severe pericardial disease. The advan- 
tage of increased stable heart rate caused by anticho- 
linergics must be weighed against their vagolytic effects 
causing inability to detect early anesthetic-induced re- 
duction in heart rate that could indicate deepening 


TABLE 38-6 
Clinical Effects of Common Intravenous Agents 


anesthesia. Furthermore, excessive increases in heart 
rate from anticholinergics may critically elevate myo- 
cardial oxygen consumption and predispose to ar- 
rhythmias. 


` 


PHENOTHIAZINES 


Phenothiazines provide excellent tranquilization but 
should be used with great caution in the cardiac-com- 
promised patient. Phenothiazines are potent a-adren- 
ergic and dopaminergic blocking drugs. They have a 
direct negative inotropic effect, and their action on a- 
adrenergic receptors in vascular smooth muscle results 
in vasodilation and hypotension. Hypotension is often 
followed by reflex tachycardia, which secondarily in- 
creases myocardial oxygen consumption. Rarely, ace- 
promazine can cause profound bradycardia with first- 
or second-degree AV block. Although phenothiazines 


Myocardial Oxygen 


Drug Rate & Rhythm Changes Contractility Blood Pressure Consumption Cardiac Output 
Thiobarbiturates Reflex tachycardia; 1 | 1 l 
bigeminy; ventricular 
ectopia 
Thiopental/ Reflex tachycardia; 4 Slight | T ļ 
lidocaine antiarrhythmic 
Etomidate NC NC Slight } NC NC 
Propofol Variable Slight | l l Slight | 
Innovar-Vet Bradycardia; 1°, 2° AVB t NC NC May | (bradycardia) 
Diazepam/ketamine Rate increase f tT tT tT 
Pancuronium Rate increase; ventricular NC T t T 
arrhythmias 
Atracurium Rate increase at high dose NC May | (histamine) NC NG 
due to histamine release 
Vecuronium NC NC NC NC NC 


, Increase; | , decrease; NC, no change; 1°, first degree; 2° second degree. 
; 5 g 8 
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are antiarrhythmic and protect the myocardium 
against both barbiturate- and epinephrine-induced ar- 
rhythmias,"” this property must be weighed against 
their deleterious effects. 


BUTYROPHENONES 


Like phenothiazines, butyrophenones are a-adrener- 
gic blocking drugs and can confer protection to the 
myocardium from catecholamine-induced arrhyth- 
mias.” Cardiovascular depressant properties of butyro- 
phenones are similar to those of the phenothiazine 
tranquilizers but are less severe.'* Although the butyro- 
phenone tranquilizers have fewer deleterious side ef- 
fects than the phenothiazines, they should be used 
with caution and the dose titrated to produce the 
desired effect. Droperidol, in combination with fen- 
tanyl (Innovar-Vet), is the butyrophenone tranquilizer 
most commonly used in dogs. 


BENZODIAZEPINES 


Diazepam is a benzodiazepine derivative that can be 
safely used in the cardiac patient. It produces minimal 
cardiovascular depression, resulting in little change 
in heart rate, contractility, blood pressure, or cardiac 
output." Diazepam may improve coronary blood flow 
and at the same time decrease myocardial oxygen con- 
sumption.” It has an antiarrhythmic effect because of 
its ability to decrease sympathetic tone centrally, and it 
is compatible with most other anesthetic agents. How- 
ever, when used in combination with high doses of 
fentanyl, diazepam significantly decreases stroke vol- 
ume, cardiac output, and systemic blood pressure.”! 
Owing to the solubility characteristics of diazepam, it 
is formulated in a 40 percent propylene glycol base. 
Although rapid intravenous administration of propy- 
lene glycol can be cardiotoxic and cause hypotension 
and bradycardia, these effects are rarely observed with 
diazepam. 


XYLAZINE 


Xylazine is a poor choice as a sedative in compro- 
mised cardiac patients. An a-agonist, xylazine causes 
central reduction of sympathetic tone. After adminis- 
tration, vagally mediated bradycardia and reduction 
in contractility occur. Its a-agonistic effects result in 
transient hypertension because of increased peripheral 
vascular resistance, but this is followed by prolonged 
hypotension. Cardiac output is adversely affected 
through negative inotropy, bradycardia, and increased 
afterload.” Xylazine potentiates arrhythmias and in- 
creases myocardial sensitivity to catecholamines.'® 


KETAMINE 


Appropriate for most cardiac diseases, ketamine 
combined with diazepam provides excellent and safe 
induction. Because of its ability to cause excitement, 
delirium, and convulsions, ketamine should be com- 
bined with a CNS sedative (e.g., diazepam), particu- 
larly in dogs. The direct myocardial effect of ketamine 
is to decrease contractility. However, it often acts as a 
positive inotrope through its sympathetic nervous sys- 
tem effects that override its direct myocardial depres- 
sant property.” * An increase in heart rate, myocardial 
oxygen consumption, cardiac output, and systemic 
blood pressure can result. Ketamine may exert myocar- 
dial depressant effects on the cardiac patient whose 
sympathetic tone is already high due to cardiac decom- 
pensation. Ketamine (1 to 4 mg/kg intravenously) is 
also used as a short-term tranquilizer in cats, although 
it may precipitate or exacerbate extrasystoles when 
administered to cats with advanced hyperthyroidism or 
severe heart failure. 


NARCOTICS 


Narcotics are useful in dogs for premedication, in- 
duction, and maintenance of anesthesia. They have 
predictable but minimal hemodynamic effects in the 
critically ill animal. Analgesia is excellent and, in most 
instances, the level of provided sedation-hypnosis is 
good. A narcotic antagonist (e.g., naloxone) may in- 
duce arousal of the severely depressed animal or rever- 
sal of respiratory depression. 

Morphine may cause bradycardia by inducing cen- 
tral vagal stimulation. This effect can be prevented 
with administration of anticholinergics, if necessary. 
Myocardial performance is maintained with morphine, 
although histamine release may be stimulated. This 
can decrease peripheral vascular resistance and poten- 
tially contribute to hypotension.” *° 

Meperidine has one tenth the analgesic potency of 
morphine but is a much greater cardiovascular depres- 
sant.” It decreases myocardial contractility directly, 
causes peripheral vasodilation, and mediates hypoten- 
sion. 

Oxymorphone is commonly used in combination 
with tranquilizers as a neuroleptanalgesic agent in the 
dog or cat. Oxymorphone is ten times more potent an 
analgesic than morphine. Its use reduces the required 
dosage of other agents necessary for induction. Oxy- 
morphone is an excellent intraoperative drug in the 
dog or cat for supplementing a light plane of anesthe- 
sia, provided the animal is monitored for bradycardia. 

Fentanyl is also a useful narcotic for intraoperative 
anesthetic supplementation. Its rapid onset of action 
is advantageous. Fentanyl may cause dysphoria and 
muscle rigidity when used in the conscious dog. There- 
fore, it is most often given in combination with droper- 


idol in the neuroleptanalgesic combination, Innovar- 
Vet. Fentanyl with droperidol provides excellent 
cardiovascular stability, whether administered intramus- 
cularly for sedation or intravenously, as long as bradycar- 
dia is prevented or alleviated by anticholinergic adminis- 
tration (e.g., atropine). Innovar-Vet may increase 
peripheral vascular resistance, acutely increase sys- 
temic blood pressure, and significantly increase left 
ventricular contractility and coronary blood flow.” 

The agonist-antagonist type of narcotics, such as bu- 
torphanol and buprenorphine are generally safe and 
effective in dogs and cats with cardiovascular disease. 
Buprenorphine’s duration of action is longer than that 
of other commonly used opioids. Both agents cause 
relatively less severe respiratory depression compared 
with most narcotics.” 


DRUGS USED FOR ANESTHETIC 
INDUCTION 


Injectable anesthetic doses should be as low as possi- 
ble to minimize cardiorespiratory depression. Preoxy- 
genation with 100 percent oxygen for 3 to 5 minutes 
may be performed for animals who will tolerate a face 
mask. Large doses of thiobarbiturates cause marked 
cardiorespiratory depression. Thiobarbiturate risks are 
reduced when dosed at less than 8 mg/kg IV. Mask 
induction with halothane or isoflurane may cause 
marked cardiovascular depression associated with in- 
duction doses and is not recommended.'* 

A number of drugs or drug combinations may be 
used to induce anesthesia (see Tables 38-1, 38-3, and 
38-6). Intravenous Innovar-Vet and diazepam with keta- 
mine have already been mentioned. 


THIOBARBITURATES 


These are the most frequently administered intrave- 
nous induction agents. They are used most safely in 
many compromised animals when low doses are given 
by slow intravenous bolus, but adverse cardiovascular 
effects can occur.” For example, thiobarbiturate bo- 
luses may cause impaired myocardial contractility and 
vasodilation. This may lead to peripheral pooling of 
venous blood and result in decreased ventricular filling 
pressures and an overall decrease in cardiac output. 
The resultant hypotension and decreased cardiac out- 
put cause a reflex tachycardia through sympathetic 
nervous system stimulation, which increases myocar- 
dial oxygen consumption. The development of ar- 
rhythmias, especially ventricular bigeminy or other 
ectopia, can occur.” The pet with poor systolic ventric- 
ular function or unstable cardiac rhythm is a poor 
candidate for thiopental induction. Additional major 
side effects are respiratory depression and apnea.*” 
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Because the severity of adverse drug effects is directly 
correlated with dose, small doses of thiobarbiturates 
may be tolerated for induction in the depressed or 
well-sedated animal. 

Intravenous use of a thiobarbiturate with lidocaine 
in dogs may offer a safe alternative to induction with 
thiobarbiturates alone.*! Lidocaine reduces the 
amount of thiobarbiturate required for induction by 
approximately 50 percent. Additionally, lidocaine has 
ventricular antiarrhythmic properties and may dimin- 
ish reflex responses to endotracheal intubation (i.e., 
laryngospasm and tachycardia). The two drugs should 
not be mixed in the same syringe to avoid precipita- 
tion. 


ETOMIDATE 


This intravenous hypnotic agent has potential value 
for anesthetic induction in dogs or cats with cardiovas- 
cular compromise. Bolus administration produces a 
clinical effect similar to that of the thiobarbiturates, 
but with little or no hemodynamic change. Cardiac 
contractility is not adversely affected. A small reduction 
of arterial blood pressure occurs, but mean coronary 
blood flow is preserved.” 


PROPOFOL À 


A phenol derivative that produces rapid onset, intra- 
venous propofol causes short-duration, noncumulative 
anesthesia in dogs and cats.” Cardiovascular effects 
are similar to those of thiobarbiturates and are dose- 
related. Propofol induction significantly decreases sys- 
temic blood pressure. Reductions of 20 to 40 percent 
have been reported.”* This is primarily due to a de- 
crease in vascular resistance.” Direct myocardial de- 
pressant effects are less than those produced by the 
thiobarbiturates.** *° Propofol (6.6 mg/kg IV) given 
over 60 seconds, followed by halothane or isoflurane 
inhalant anesthesia, is safe and effective in healthy 
dogs.** Animals with good ventricular function and 
normal cardiovascular reserve undergo little change 
in cardiac output when given propofol.** However, it 
should be used with caution when impaired cardiovas- 
cular function and pre-existing hypotension are pres- 
ent,” and it should be reserved for animals that are 
hemodynamically stable. 

Respiratory depression and apnea are serious side 
effects, particularly when propofol is administered at 
rapid rates of infusion. Apnea increases in a dose- 
dependent manner at dosages greater than 14 mg/ 
kg.” Small doses may be tolerated and adequate for 
induction of the depressed or well-sedated animal. 


DRUGS USED FOR ANESTHETIC 
MAINTENANCE 


Anesthetic maintenance can be achieved in dogs 
and cats using inhalation agents titrated to effect. In 
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dogs, a combination of high-dose narcotics with skele- 
tal muscle relaxants can also be used (see Table 39-1). 


INHALATION AGENTS 


Maintenance with inhalation agents has the advan- 
tages of ease of administration and ability to control 
the level of anesthesia. These agents are compatible 
with essentially all other anesthetic drugs. Their cardio- 
vascular depressant effects are dose related. Thus, if 
analgesia is supplemented with the concurrent use of 
narcotics, low doses of inhalation agents may be highly 
effective, even in the high-risk small animal patient. 
All potent inhalation agents depress myocardial func- 
tion and decrease systemic blood pressure in direct 
proportion to the depth of anesthesia. 


HALOTHANE. Because of its arrhythmogenicity and 
marked myocardial depressant quality, halothane 
should be used with caution in the cardiac patient. 
It decreases cardiac output and myocardial oxygen 
consumption” and sensitizes the myocardium to cate- 
cholamines. The latter effect does not appear to be 
dose related.“ In fact, light planes of halothane anes- 
thesia may exacerbate its arrhythmogenic properties 
due to endogenous catecholamine release in response 
to surgical stress. 


METHOXYFLURANE. This drug depresses cardiac out- 
put and decreases total peripheral resistance, resulting 
in hypotension.” Since its cardiac depressant effects 
are dose related, methoxyflurane can be used success- 
fully at reduced doses in the cardiac patient. It is an 
excellent analgesic even in light planes of anesthesia. 
Its high tissue solubility causes prolonged induction, 
recovery, and slow change in anesthetic depth. These 
properties can be disadvantageous in the critically ill 
patient. 


ENFLURANE. Due to its cardiac depressant properties, 
enflurane causes a decrease in systemic blood pressure. 
It also reduces total peripheral resistance. Since its 
potency is less than that of other inhalation agents, 
the need to maintain animals at higher alveolar con- 
centrations in order to achieve adequate anesthesia 
may increase the direct cardiodepressant effects.” The 
ability of enflurane to increase myocardial sensitivity 
to catecholamines is less than that of halothane. 


ISOFLURANE. Isoflurane causes significant hypoten- 
sion by decreasing total peripheral resistance; caution 
must be exercised when using it in animals with 
marked hypotension. At surgical planes of anesthesia, 
it does not alter myocardial contractility and does not 
sensitize the heart to catecholamine-induced arrhyth- 
mias.” Cardiac output is well maintained at anesthetic 
dosages. The margin between the lethal and anesthetic 


dose is the widest of any of the modern potent inhala- 
tion agents, and isoflurane is often chosen as the safest 
inhalation agent for animals with heart disease.” How- 
ever, it is the most hypotensive of the inhalation agents 
and must be used with caution in pets with shock or 
hypotension. The use of 1.3 mean alveolar concentra- 
tion (MAC) isoflurane in normal cats results in mini- 
mal cardiopulmonary depression, but 2.0 MAC 
isoflurane causes hypotension and hypercapnia and 
should be avoided in cats.** 


SERVOFLURANE. This agent has cardiovascular effects 
similar to those of isoflurane. Its main advantage is 
very low solubility, which provides rapid onset and 
recovery. This allows rapid changes in the plane of 
anesthesia in the event of poor drug tolerance in ani- 
mals with decompensated heart disease. Servoflurane 
will cause hypotension but is not arrhythmogenic and 
does not cause myocardial depression at clinically 
used levels.” 


NITROUS OXIDE. Beneficial for use in the cardiac pa- 
tient, N.O does not alter blood pressure by itself. While 
N,O is a myocardial depressant, it reduces the concen- 
tration of required inhalation agents when used in 
combination with other potent inhalation anesthetics. 
It slightly increases sympathetic cardiac activity and 
provides hemodynamic stability.” In combination with 
fentanyl, it causes a marked decrease in cardiac output 
and systemic blood pressure.*! Nitrous oxide should be 
avoided or at least discontinued 10 to 15 minutes 
before chest closure begins to prevent exacerbation of 
a pneumothorax after thoracotomy. It should be 
avoided in an animal with poor oxygenation preopera- 
tively and discontinued if hypoxemia develops during 
the anesthetic period. 


BALANCED ANESTHESIA 


The advantages of classic balanced anesthesia (nar- 
cotics plus tranquilization and neuromuscular block- 
ing agents) in dogs include (1) decreased myocardial 
depression, (2) maintenance of more adequate levels 
of systemic blood pressure, and (3) easy reversibility. 
However, this technique using drug combinations is 
complex and requires careful patient monitoring well 
into the postoperative period. Narcotics have been 
discussed in relationship to their minimal cardiovascu- 
lar effects. 


NEUROMUSCULAR BLOCKING DRUGS 


Nondepolarizing muscle relaxants such as atracu- 
rium, vecuronium, or pancuronium are the preferred 
neuromuscular blocking agents in the cardiac patient 
(see Table 38-4). Nondepolarizing agents do not alter 
serum potassium levels as might occur with a depolariz- 


ing neuromuscular blocker. Neither pancuronium nor 
vecuronium causes significant histamine release, and 
both are reversible postoperatively. Their cardiovascu- 
lar effects include an increase in heart rate, blood 
pressure, and cardiac output.” 


INTRAOPERATIVE PATIENT 
MONITORING 


ELECTROCARDIOGRAPHIC MONITORING. The ECG 
should be monitored throughout anesthesia. Pharma- 
cologic intervention is not always required for intraop- 
erative arrhythmias. Identification of reversible factors 
associated with arrhythmias includes hypoxia or hyper- 
capnia, acid-base disturbances, excess endogenous cat- 
echolamines, electrolyte abnormalities, autonomic re- 
flexes, and anesthetics.* 


INTRAVENOUS ACCESS SITES. These are essential in any 
high-risk patient undergoing anesthesia. Two IV lines 
facilitate rapid infusion of intravenous fluids through 
one catheter and drug administration through the 
other; they also allow for simultaneous fluid, blood, or 
plasma administration as necessary. 


FLUID THERAPY MONITORING. The cardiac patient may 
be unable to receive or pump blood effectively because 
of poor ventricular compliance, elevated preload, or 
myocardial (pumping) failure. These issues must be 
factored into patient monitoring. An administration 
rate of 10 ml/kg/hr is a basic intraoperative guideline. 
If hypotension and poor cardiac output are evident, 
volume expansion may be accomplished by increasing 
the rate of fluid administration. Fluids are continued 
postoperatively until hemodynamic stability and ade- 
quate urine production are achieved. Conversely, ani- 
mals with heart failure, pulmonary hypertension, and 
conditions inhibiting ventricular filling (e.g., pericar- 
dial tamponade, intracardiac masses) may develop con- 
gestion when receiving fluid therapy calculated for a 
normal patient. 


URINE OUTPUT. This can be a useful indicator of ade- 
quate fluid therapy. Renal perfusion is sensitive to 
changes in autonomic tone. Urine output depends on 
maintaining a mean arterial blood pressure of at least 
70 mmHg.“ Reduced urine output results when renal 
perfusion and renal function are inadequate. This 
should prompt measures to improve renal perfusion 
(e.g., decreasing anesthetic depth, volume expansion 
to correct hypotension, positive inotropic agents to 
improve cardiac output). Dopamine is used as a renal 
vasodilator at low dosages (1 to 2 pg/kg/min), improv- 
ing renal perfusion and urine production. 
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CENTRAL VENOUS PRESSURE. Monitoring CVP can pro- 
vide valuable information to guide the rate of fluid 
administration during surgery. Normal CVP is 0 to 5 
cm HO. If the cardiac output appears adequate (i.e., 
normal peripheral perfusion, strong arterial pulses, 
and cardiac apex beat suggesting normal arterial blood 
pressure), a satisfactory cardiovascular state may exist. 
If fluid administration increases CVP more than 8 to 
10 cm H.O, fluid overload or cardiac failure may be 
evident. Measurements in the range of 15 to 20 cm 
H,O are generally too high. Fluid administration may 
need to be reduced or temporarily discontinued. Mea- 
sures to improve cardiac function include decreasing 
anesthetic depth and positive inotrope infusion (e.g., 
dopamine or dobutamine). Administration of colloid 
rather than crystalloid fluids may decrease the likeli- 
hood of pulmonary edema formation, provided the 
alveolar-capillary membrane is intact. Furosemide 
should be given intravenously if pulmonary edema 
develops. A low CVP generally indicates hypovolemia. 
Fluid administration should be increased to elevate 
CVP to the upper limit of normal.* 4° 


ARTERIAL BLOOD PRESSURE MONITORING. This is bene- 
ficial in the anesthetized, cardiac patient and is the best 
way of assessing whether adequate tissue perfusion 
pressures are being maintained (chapter 35). Heart 
rate and pulse pressure correlate poorly with actual 
arterial blood pressures and could be misleading when 
relied on solely as a perfusion estimate.*® *? Arterial 
pressure alone is not an indicator of cardiac output. 
Indirect blood pressure can be monitored using oscil- 
lometric devices (Dinamap, Criticon, Tampa, FL),* 
which work best on medium and large dogs but less 
consistently in small dogs and in cats.*? Commercial 
devices using ultrasonic kinetoarteriography (Doppler 
ultrasound) are also available (Arteriosonde, Hoff- 
man-La Roche, Cranberry, NJ).* °! 


CONTROLLED VENTILATION. This is necessary during 
thoracotomy and prolonged surgical procedures. It is 
important to maintain a proper inspiratory-to-expi- 
ratory time ratio. Prolonged inspiratory times cause 
extended periods of positive pressure within the tho- 
racic cavity, decreasing cardiac venous return. An inspi- 
ratory-expiratory ratio of 1:2 to 1:4 is therefore recom- 
mended to avoid adverse effects on cardiac output. 


BLOOD GAS MONITORING. To help assess the effective- 
ness of ventilation, blood gas monitoring is helpful. If 
hypercapnia occurs, ventilation should be improved by 
increasing the number of breaths per minute or tidal 
volume (i.e., the amount of air moving into the lungs 
with each inspiration). Inadequate oxygenation with 
normal arterial PCO, (PaCO:) can be caused by cer- 
tain cardiac shunts, or it could indicate a ventilation- 
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perfusion mismatch as occurs with low cardiac output 
states or lung pathology (e.g., pulmonary edema).” 


PULSE OXIMETRY. This provides a means for continu- 
ous noninvasive monitoring of patient oxygenation. 
Pulse oximeters determine the percent of oxygen satu- 
ration of hemoglobin in arterial blood by detecting 
differences in red and infrared light absorbance in the 
pulsatile component of tissue blood flow.” The per- 
cent of oxygen saturation of hemoglobin in arterial 
blood indirectly reflects the patient’s PaO». Currently, 
pulse oximeters are coming on the market (PALCO 
Laboratories, Santa Cruz, CA; Sensor Devices Inc., 
Waukesha, WI) with probes designed specifically for 
veterinary application. 


CLINICAL PATHOLOGY. Hematocrit, total protein, plate- 
lets, and clotting profiles may need to be assessed. 
Surgical blood loss can become a critical factor during 
anesthetic management. Whole blood for transfusion 
should be obtained prior to the anesthetic period 
whenever significant blood loss is anticipated. Fresh 
plasma transfusion alone may be sufficient with hypo- 
proteinemia, thrombocytopenia, or clotting disorders. 


PATIENT MONITORING 


` 


Close observation of heart rate and rhythm, mucous 
membrane color and refill time, arterial pulse pressure 
and quality, and respiratory rate and pattern are essen- 
tial. Body temperature must be followed. Hypothermia 
is a deleterious consequence of anesthesia in many 
cats and dogs and may occur during or after surgical 
completion. Animals should be kept warm postopera- 
tively with externally applied heat and warmed fluids. 
Shivering uses a great deal of metabolic energy. Elec- 
trocardiographic monitoring is essential and may need 
to be continued postoperatively for some animals. 
Emergency resuscitative equipment and drugs should 
be on hand at all times during and after anesthesia 
(chapter 21). Arterial blood pressure, pulse oximetry, 
and central venous pressure monitoring may be re- 
quired in decompensated animals. Additionally, intra- 
vascular fluid volume (PCV, total solids), urine output 
(ideal, > 1 ml/kg/hr), and renal function may need to 
be assessed. Progressive intraoperative or postoperative 
decline may require decreasing anesthetic depth, venti- 
latory support, and expanding circulating blood vol- 
ume (IV crystalloid or colloid fluids; blood or blood 
components). Inotropes (dopamine, dobutamine) may 
be required. 
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GEORGE E. EYSTER 


PREREQUISITES FOR SUCCESSFUL 
INTERVENTION 


Successful outcome of cardiovascular surgery requires accurate diagnosis, 
thorough understanding of anatomy and physiology, medical management 
to control or correct cardiovascular compromise or serious arrhythmias, 
technical surgical skill and experience, and good anesthesia support." ? 
Congenital heart diseases are reviewed in detail with respect to clinical 
characteristics, diagnostic features, and therapy (chapter 24). The epidemiol- 
ogy and prevalence of cardiovascular diseases are discussed in chapter 23. 
Anesthetic considerations (chapter 38) and anatomy (chapters 1 and 2) have 
been thoroughly reviewed. Additional information concerning diagnostic, 
pathophysiologic, and therapeutic aspects of cardiovascular diseases is con- 
tained elsewhere in this book. 


CARDIOVASCULAR SURGERY 


Surgical intervention remains the preferred treatment for many congeni- 
tal and acquired cardiac diseases. Surgery may offer palliative but stabilizing 
results in some disorders; in others, anatomic repair and hemodynamic 
resolution can be accomplished. Principles of good surgical technique (e.g., 
hemostasis, atraumatic tissue handling, secure knot tying) must be combined 
with specialized technical skills to perform closed cardiac procedures or 
open heart surgery. The latter requires venous inflow occlusion (<4 min- 
utes) to allow short procedures to be performed, or cardiopulmonary bypass 
to support longer operative techniques. Patient monitoring and postopera- 
tive supportive care are essential for successful surgery. 


INTERVENTIONAL CATHETERIZATION 


Interventional cardiac catheterization is gaining popularity for treating 
certain cardiovascular conditions (see chapters 9 and 24). The most common 


applications include balloon dilation (valvuloplasty) of 
stenotic pulmonic and aortic valves*° and transcathe- 
ter techniques to close patent ductus arteriosus.°* The 
use of special “snare” catheters to retrieve iatrogenic 
cardiovascular foreign bodies in animals can obviate 
thoracotomy and cardiotomy in some cases.®* ° The 
importance of clinical diagnosis and therapy is the 
same as described above. 


PATIENT MONITORING 


Evaluation of ventilation is critical during and after 
surgery. Arterial CO, tension (PaCQ,) is a good mea- 
sure of alveolar ventilation. Hypoventilation is indi- 
cated by a PaCO, greater than 40 mmHg. Other blood 
gas determinants such as arterial oxygen tension 
[PaO,] (maintaining PaO, > 80 mmHg) are also infor- 
mative. Monitoring cardiac electrical activity (ECG) for 
heart rate, arrhythmias, and P-QRS-T morphology is 
mandatory. Also recommended is arterial blood pres- 
sure monitoring (maintain systolic pressure > 90 
mmHg and mean blood pressure > 65 mmHg) and 
pulse oximetry monitoring (maintain hemoglobin oxy- 
gen saturation [SaQ,] > 90%). A simple central ve- 
nous pressure system is frequently helpful (maintain 
between 5 and 10 cm HO), particularly in right-sided 
heart disease. 

During open chest procedures, one may visually ob- 
serve and directly palpate cardiovascular and pulmo- 
nary structures. The lungs are assessed for appropriate 
expansion in response to positive-pressure ventilation. 
The pericardial sac is examined for pericardial effu- 
sion. The pink appearance of the myocardium, particu- 
larly the left atrium, suggests good ventilation and 
adequate oxygenation. When cyanosis or hypoventila- 
tion is present, the myocardium appears darker (pre- 
ceding ECG or blood pressure abnormalities). An ap- 
proximation of arterial blood pressure is determined 
by palpating the aortic arch or descending aorta. As a 
rough rule of thumb: (1) application of digital aortic 
pressure should cause the aorta to move away from 
the pressure point if the arterial pressure is greater 
than 110 mmHg; (2) if the vessel wall indents and 
the whole artery moves as it is pressed, pressure is 
approximately 80 to 110 mmHg; (3) if, with digital 
pressure, the artery indents easily and partially oc- 
cludes before it is moved, arterial pressure is less than 
80 mmHg, and the animal is too deeply anesthetized 
or is in a low cardiac output state. 

Bradycardia accompanies an excessively deep anes- 
thetic plane and should be avoided. Administration of 
atropine (0.03 to 0.04 mg/kg) or glycopyrrolate (0.01 
to 0.015 mg/kg) SC or IM reduces difficult-to-manage 
bradyarrhythmias. This is particularly important in pa- 
tients requiring manipulation of the cardiac base (e.g., 
with patent ductus arteriosus surgery), since vagal 
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nerve stimulation induces bradycardia unless a vago- 
lytic drug is used. 


SURGICAL APPROACHES AND 
TECHNIQUES 


PERICARDIOCENTESIS 


Pericardial effusion is easily diagnosed by echocardi- 
ography (chapter 8). Pericardiocentesis may be indi- 
cated to obtain fluid for diagnostic purposes, as when 
infectious pericarditis or neoplastic effusion is sus- 
pected, or to relieve intrapericardial pressure in cases 
of cardiac tamponade. This technique is described in 
detail in chapter 29. 


MEDIAN STERNOTOMY 


ADVANTAGES. Median sternotomy has several advan- 
tages over a lateral thoracotomy: (1) visualization of 
both sides of the thorax, (2) proximity to the right 
ventricular outflow tract, (3) visualization of all heart 
chambers, and (4) reduced hemorrhage for some pro- 
cedures requiring heparin therapy. Bilateral partial lo- 
bectomy is easily performed, but complete lobectomy 
is often difficult. The caudal vena cava, main pulmo- 
nary artery, and both sides of the heart can be manipu- 
lated. 


DISADVANTAGES. A major disadvantage of median 
sternotomy is delayed healing if pleural effusion con- 
tinues postoperatively. Because of the patient’s prefer- 
ence for sternal positioning, the pleural effusion will 
seep into the surgical site. This will delay and occasion- 
ally inhibit healing. 


SURGICAL TECHNIQUES 


Median sternotomy is popular in humans but has 
not been used extensively in the dog or cat. It is an 
ideal technique for certain procedures that include 
cardiac tumor removal, right ventriculotomy, pericar- 
diectomy, and exploratory surgery. This approach to 
the heart can be accomplished by placing the animal 
in dorsal recumbency and incising the skin from just 
cranial to the manubrium to just caudal to the xiphoid. 
The procedure need not extend along the full length 
of the sternum unless wide exposure of the thorax is 
required. The approach to the cranial heart and ante- 
rior mediastinum may require the median sternotomy 
only from the manubrium to the midsternal area, 
whereas most procedures on the heart may be accom- 
plished with incisions only in the posterior two thirds 
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of the sternum. By opening only a portion of the 
sternum, closure is simplified, healing is facilitated, 
and patient postoperative pain is greatly reduced. The 
incision is made strictly on the midline (avoiding the 
need to transect muscles) and continues between the 
pectoral muscles to the sternebrae. The sternebrae are 
divided by saw, chisel, or heavy scissors. Closure usually 
requires wiring the sternebrae. At least three layers of 
tissue are then closed. Healing is facilitated if the 
sternebrae have not been cut from manubrium to 
xiphoid, so that several sternebrae may be left to stabi- 
lize the sternum. 


LATERAL THORACOTOMY 


ADVANTAGES. Most cardiovascular procedures are per- 
formed using a left lateral thoracotomy at the 4th 
intercostal space. This approach is adequate for most 
clinical conditions requiring surgical intervention in 
the heart and great vessels. It allows exposure to the 
right ventricular outflow tract and main pulmonary 
artery and the ductus arteriosus. The basic thoracot- 
omy technique can be applied for thoracotomies at 
other intercostal spaces. A right intercostal thoracot- 
omy allows exposure of the right auricle, atrium, and 
ventricle; cranial and caudal vena cavae; azygos vein; 
and right lung lobes. 

DISADVANTAGES. With a dedicated (e.g., left 4th inter- 
costal) thoracotomy approach, visualization of struc- 
tures lying on both sides of the thorax is not possible. 
Proximity to the right ventricular outflow tract and 
visualization of all heart chambers are less than with a 
median sternotomy. 


SURGICAL TECHNIQUES 


With the animal in right lateral recumbency, the left 
4th intercostal space is identified at the posterior bor- 
der of the scapula. The skin incision is made from the 
level of the ventral portion of the vertebrae to just 
proximal to the ventral midline of the animal. The 
cutaneous trunci and subcutaneous tissues are then 
divided, using scissors; most thoracotomy bleeding will 
occur at this layer. The latissimus dorsi muscle is the 
first major structure to be cut and is partially tran- 
sected from its ventral border, approximately halfway 
to its dorsal border. The latissimus dorsi does not need 
to be transected but requires constant dorsal retraction 
throughout the procedure if the partial transection 
is not performed. The scalenus muscle inserts as an 
aponeurosis beginning at the 5th rib. The fibrous apo- 
neurosis should be transected and the scalenus re- 
flected anteriorly. At this point, the intercostal space 
should be verified by palpating beneath the latissimus 
dorsi to the thoracic inlet and counting the ribs. In 
extremely small animals, a curved hemostat may be 
passed to the thoracic inlet and reflected off each rib 


to identify the fourth intercostal space. The serratus 
ventralis muscle is divided between its heads at the 
appropriate rib space. The fascia and connective tissue 
are then divided over the 4th intercostal space, reveal- 
ing the intercostal muscles. External and internal in- 
tercostal muscles are divided in the posterior one third 
of the rib space, thereby protecting the intercostal 
artery, vein, and nerve. The pleura is then visualized. 
The anesthesiologist should permit the lungs to col- 
lapse as a small hole is surgically made in the pleura. 
The pleural incision is than extended dorsally and 
ventrally (Fig. 39-1). At the ventral end of the incision, 
care should be taken not to interrupt the internal 
thoracic artery as it courses within 1 cm of the lateral 
border of the sternum. Rib retractors are then placed. 
To complete the lateral thoracotomy, the left anterior 
lung is rotated at its base and packed posteriorly. 


SURGICAL PROCEDURES FOR 
CARDIOVASCULAR DISEASE 


PULMONIC STENOSIS 


Pulmonic stenosis (PS) represents congenital nar- 
rowing of the pulmonic valve, right ventricular outflow 
tract, or pulmonary artery. In the dog, valvular PS is 
the most common form. Muscular infundibular PS 
may occur singularly or secondary to any of the other 
types. Supravalvular or peripheral pulmonary artery 
PS is rare. Pulmonary valve dysplasia may present as a 
malformed valve, including the immediate subvalvular 
tissue, although isolated subvalvular PS is rare. Preop- 
erative considerations require careful characterization 
of the anatomic type, location, and severity (see chap- 
ters 8, 9, and 24). 

Cardiac catheterization has been the gold standard 
for diagnostic confirmation and localization, and to 
gauge severity of the stenotic lesion. At the time of 
catheterization, a balloon dilation can also be consid- 
ered to attempt a primary “repair,” or to provide some 
clinical improvement and retard progression until the 
animal grows and other surgical approaches can be 
used.* Balloon valvuloplasty usually provides an excel- 
lent outcome when PS is caused by fusion of pulmo- 
nary valve leaflets. Surgery is generally reserved for 
cases of PS caused by fibromuscular lesions, severe 
dysplasia, or pulmonary valve hypoplasia (chapters 9 
and 24). Based upon catheterization-derived pressure 
recordings, guidelines to grade the severity of PS are 
as follows: 


(1) No intervention (surgery or balloon valvuloplasty) 
is recommended when right ventricular systolic 
pressures are less than 70 mmHg, or when gradi- 
ents across the obstruction are less than 50 
mmHg; 


FIGURE 39-1 


Left lateral thoracotomy at the 4th intercostal space. Craniad is to 
the left. Visible, from left to right, are skin (Sk), cutaneous trunci 
(T), latissimus dorsi (D) at the forceps (F), the anteriorly reflected 
scalenus (S), serratus ventralis (V), and the intercostal muscles (J). 
The pleura (P) is being cut and the lung (L) is seen through the 
thoracic opening. 


(2) Intervention is probably indicated when right ven- 
tricular (RV) pressures of 70 to 120 mmHg or 
gradients of 50 to 100 mmHg are present; 

(3) Intervention is invariably indicated with RV pres- 
sure greater than 120 mmHg and gradients 
greater than 100 mmHg. 


When low-to-medium pressures are recorded in ma- 
ture animals with PS, intervention is usually not re- 
quired. However, when similar pressures are recorded 
in growing dogs with PS, it is anticipated that the 
disease will become more severe and that the animal 
will become a candidate for intervention. 

It is important to recognize that anesthesia signifi- 
cantly depresses pressure gradients up to 50 percent 
compared with those measured by Doppler echocardi- 
ography in the awake dog. Therefore, many cardiolo- 
gists prefer gradient measurements generated by 
Doppler echocardiography (see chapter 24). 


BISTOURY TECHNIQUE 
Indications and Contraindications 


This technique is indicated for valvular PS. It is of 
no advantage for supravalvar or muscular PS and has 
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little value in subvalvar PS or cases of severely dysplastic 
pulmonary valves. A serious disadvantage of bistoury 
repair for muscular PS is lack of visualization of the 
obstructed area. However, it is a relatively simple tech- 
nique to perform and has been used in veterinary 
medicine since 1953. 


Surgical Techniques 


The value of this procedure is related to its simplic- 
ity. Either a left lateral thoracotomy in the 4th intercos- 
tal space or median sternotomy provides surgical ac- 
cess. The right ventricular outflow tract is visualized 
and a pursestring suture placed in this relatively avascu- 
lar region. A stab incision is made into the right ventri- 
cle, a bistoury (frequently a teat bistoury) is intro- 
duced into the right ventricular outflow tract across 
the stenotic valve, and several cuts are made in the 
valve (Fig. 39-2). The bistoury is then removed, the 
pursestring is tightened down, and the chest is closed 
routinely. This technique requires minimal aftercare, 
and the immediate results are generally excellent in 
pure valvular PS. 


MODIFIED BROCK PROCEDURE 
Indications and Contraindications 


This simple technique is used effectively only for 
solitary muscular or infundibular PS. It is of no value 


FIGURE 39-2 


Left lateral thoracotomy at the 4th intercostal space. A bistoury (B), 
introduced through a pursestring suture in a Rumel tourniquet (R) 
to control bleeding, has been advanced into the right ventricle 
(RV). It is passed through the obstruction, where cuts are then 
made in the muscular or fibrous subvalvar ring. L, lung; PA, 
pulmonary artery; LA, left auricle. 
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for the other types of PS. The major disadvantage of 
this procedure lies in the inability to visualize the right 
ventricular myocardium being surgically excised. 


Surgical Techniques 


This procedure resembles the bistoury technique 
except that the instrument introduced into the right 
ventricular outflow tract is an infundibular rongeur. 
The offending tissue is excised with this instrument. 
Chest closure and postoperative management are iden- 
tical to that of the bistoury technique.” 


VALVULOTOME VALVOTOMY 
Indications and Contraindications 


Valvulotome valvotomy for PS is a moderately com- 
plicated technique that may be effective in valvular, 
subvalvular, and dysplastic PS. Its disadvantages include 
lack of visualization of the offending right ventricular 
myocardium as the valvulotome cuts are made. How- 
ever, when patients are appropriately selected, valvo- 
tomy using a valvulotome may be very effective. 


Surgical Techniques 


Valve dilation using a valvulotome is similar to the 
previously described techniques. In using a valvulo- 
tome, both valvular and fibrous subvalvular stenoses 
and most dysplastic pulmonary valve obstructions can 
be opened. The technique is identical to the previously 
described procedures; however, in this case the valvulo- 
tome is introduced into the right ventricle and is 
passed into the obstructed area. As the valvulotome is 
then opened, cuts are made in either the valve, subval- 
vular tissue, or both. Closure and postoperative man- 
agement are identical to the previously described tech- 
niques. 


INFLOW OCCLUSION AND PULMONARY 
ARTERIOTOMY 


Indications and Contraindications 


Pulmonary arteriotomy is effective in valvular sub- 
valvar and dysplastic valves. It is not effective in muscu- 
lar infundibular stenosis, nor is it effective in supraval- 
var PS. The technique has the significant advantage of 
permitting visualization of the offending obstructive 
tissue. Disadvantages of inflow occlusion for PS are (1) 
the slightly more difficult surgical technique, and (2) 
the fact that in immature animals the fibrosis associ- 
ated with the surgery will become permanent. This 
technique is therefore not recommended in animals 
younger than 6 months of age. 


Surgical Technique 


Inflow occlusion and pulmonary arteriotomy (Swan 
procedure) is perhaps the most efficient technique for 
PS caused by valvular, immediate subvalvar, or pulmo- 
nary valve dysplasia lesions.!* Although induction of 
mild hypothermia is part of this technique when used 
for humans, this is not necessary in dogs. 

The inflow occlusion pulmonary arteriotomy repair 
for PS is accomplished through a left lateral thoracot- 
omy in the 4th intercostal space. The lungs are re- 
flected and umbilical tapes placed around the cranial 
and caudal vena cava. The cranial vena cava is identi- 
fied by careful blunt dissection. It is located cranial to 
the heart and ventral to the brachycephalic artery. 
Once the vena cava is identified, umbilical tape is 
passed around the vessel, and a Rumel tourniquet is 
loosely positioned over the umbilical tape. The caudal 
vena cava is poorly identified from a 4th intercostal 
space, requiring that the heart be rotated cranially. 
This necessitates breaking down the mediastinum cau- 
dal to the heart. 

Once the caudal vena cava is visualized, a tourniquet 
is placed around it similar to that of the anterior cava. 
The pericardium is then opened dorsal and parallel to 
the phrenic nerve. Pericardial basket sutures are 
placed on both edges of the cut pericardium, and 
the heart is elevated using the basket sutures. The 
pulmonary artery is identified, and a double row of 4- 
0 vascular stay sutures is placed in the poststenotic 
dilatation, or slightly toward the heart from the post- 
stenotic dilation. The animal must be well ventilated, 
and the Rumel tourniquets are tightened to occlude 
the vena cava. 

Approximately 15 seconds are required for the right 
side of the heart to empty, and an incision is then 
made in the pulmonary artery between the stay su- 
tures. The pulmonary artery is opened (Fig. 39-3), 
suction is applied to permit visualization, and the ste- 
notic pulmonary valve or subvalvular tissue is incised 
and/or removed by scalpel, scissors, or valve dilator. 
The valve is reformed to approximate a normal valve 
or it is excised, depending on the type of disease. The 
stay sutures are then elevated, a partially occluding 
clamp (Satinsky) is placed on the pulmonary artery 
closing the opening, and the tourniquets are removed 
from the vena cava to re-establish the circulation. 

Throughout the occlusion procedure, some hemor- 
rhage will occur, since the azygos vein and coronary 
sinus blood flow continues, necessitating the need for 
suction. The occlusion time should be confined to less 
than 3 minutes, preferably less than 2 minutes, which 
is almost always adequate to accomplish the repair; if 
more time is needed, a second occlusion can be initi- 
ated after a 5-minute recovery. 

After circulation is re-established, the pulmonary 
artery is closed with a 4-0 continuous suture pattern. 


FIGURE 39-3 


Left lateral thoracotomy at the 4th intercostal space. The lungs are 
reflected to expose the heart. Elevation of the heart is facilitated 
by pericardial basket sutures. Vascular stay sutures are placed in 
the poststenotic dilation. The pulmonary artery is opened. Suction 
(S) is used to remove blood from the surgical field as the stenotic 
pulmonary valve is incised (arrow) with a #11 scalpel blade. 

P, pericardium. 


Closure and postoperative management are routine. 
Patients tend to have a slight, l- to 2-hour delay in 
anesthetic recovery, which is probably associated with 
the short period of anoxia sustained during the inflow 
occlusion. 


PATCH-GRAFT TECHNIQUE 
Indications and Contraindications 


The greatest advantage of this method is that it 
permits expansion and decompression of the right 
ventricular chamber. Also, the patch can be made very 
large to facilitate growth in the young patient with 
severe PS, which would otherwise require multiple op- 
erations. Disadvantages are related to the difficulty 
of entering the right ventricular lumen when severe 
hypertrophy is present, the brutal manipulation in- 
volved in cutting the right ventricle, and the difficulty 
in some cases of cutting through the fibrous, thickened 
PS with the cutting wire. An anomalous left coronary 
artery (originating from a single right coronary artery) 
that encircles the stenotic right ventricular outlet and 
valve is an absolute contraindication (see Fig. 24—3)." 


Surgical Procedures 


The patch-graft technique is an effective procedure 
for relieving valvular and subvalvular dysplastic valves 
and muscular PS.'° This was first performed with a 
cutting wire positioned under a patch in such a way 
that when the wire is pulled, the ventricular wall is cut, 
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opening the ventricle and pulmonary artery to the 
patch. However, in severe PS, particularly with right 
ventricular hypertrophy and dysplastic or very fibrous 
valves, the procedure may be difficult to perform suc- 
cessfully. 

This technique is accomplished through a left lateral 
thoracotomy in the 4th intercostal space or by median 
sternotomy. The right ventricular outflow tract to the 
pulmonary valve is identified. A cutting wire is placed 
into the ventricle and pushed out the main pulmonary 
artery. This approach is facilitated by passing the wire 
through an over-the-needle catheter (a small urinary 
catheter or large 14- to 16-gauge over-the-needle injec- 
tion catheter can be used). The difficulty of identifying 
the ventricular chamber enclosed within the hypertro- 
phied right ventricular wall is obviated when the cathe- 
ter penetrates the ventricular chamber and blood flows 
through the catheter. The ventricular chamber is thus 
identified, the catheter is passed into the pulmonary 
artery, and a stylet is placed into the catheter. This 
stylet facilitates the catheter exiting from the pulmo- 
nary artery through the arterial wall. A Gigli wire 
is passed through the catheter, and the catheter is 
withdrawn. A small (6-0) pursestring suture is placed 
in the pulmonary artery around the catheter at its 
point of exit to eliminate bleeding while the patch 
is being sutured into place. A Dacron, Gore-Tex, or 
pericardial patch is then placed over the wire from the 
pulmonary artery to the right ventricle. It is secured 
by continuous suture, with the last one or two sutures 
not drawn down (Fig. 39-4). When the patch is in 


FIGURE 39-4 


Left lateral thoracotomy at the 4th intercostal space. The lungs (L) 
are reflected. The pericardium (P) is incised parallel and ventral to 
the phrenic nerve. Pericardial basket sutures are placed to assist in 
elevating the heart. A patch-graft of woven Dacron is in place from 
the pulmonary artery (lop arrow) to the body of the right ventricle 
(bottom arrow). PA, pulmonary artery; LA, left auricle; RV, right 
ventricle. 
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place, the cutting wire is then pulled out, and the right 
ventricle, proximal pulmonary artery, and obstructed 
area of pulmonic stenosis are opened into the patch. 
Digital pressure controls the bleeding at the last two 
sutures as the wire is removed at the ventral portion 
of the patch. These last sutures are then secured. 

A chest drain tube should be placed and remain for 
24 hours postoperatively. If pleural effusion develops 
as a result of foreign material (e.g., Dacron), it is 
manually evacuated. The chest drain tube is removed 
approximately 12 hours after pleural effusion abates. 
We prefer to place animals undergoing patch-graft 
technique with foreign material on preoperative antibi- 
otics that are continued for 1 week after surgery. Once 
the chest drain tube is removed, patient management 
is similar to the previously described techniques. 

If a patch-graft is to be used to include the right 
ventricular outflow tract and pulmonary artery, then 
the normal coronary artery anatomy must be validated 
preoperatively by left-sided cardiac catheterization and 
coronary arteriography. This procedure must not be 
used in dogs in which an aberrant coronary artery 
courses below the main pulmonary artery (see Fig. 
24-3). 


ORTON MODIFICATION. This modification combines a 
form of inflow occlusion and patch-graft technique in 
which no cutting wire is used.'° Bleeding and trauma 
to the right ventricular wall are markedly reduced. In 
this technique, after placing an overlarge patch-graft a 
double row of stay sutures is inserted in the graft, and 
the graft is then cut between the stay sutures. Inflow 
occlusion is instituted as noted earlier, and the right 
ventricle to pulmonary artery cut is made with scalpel 
or scissors directly into those tissues with direct visual- 
ization. The right ventricle, stenotic valve area, and 
proximal pulmonary artery are cut and opened into 
the patch. Direct visualization of the opening into the 
patch is thereby permitted, which eliminates the risk 
associated with the occasional unwanted tear by the 
cutting suture. This modification has become our pre- 
ferred patch-graft technique since it eliminates the 
bleeding during patch placement and difficulty of plac- 
ing the wire in the lumen. 


CONDUIT REPAIR 
Indications and Contraindications 


Although a variety of PS lesions can be repaired by 
conduits, this technique has not met early expecta- 
tions. Perhaps the best indication for conduit repair 
is for supravalvular PS since it preserves the normal 
pulmonic valve. Here, a conduit can be inserted from 
the proximal pulmonary artery to the distal pulmonary 
artery around the obstruction.” In some types of se- 
vere dysplasia, conduits from the right ventricle to the 


pulmonary artery can be useful to bypass the obstruc- 
tion. In rare cases of tricuspid valve atresia, conduits 
from the right atrium to the pulmonary artery (Fontan 
procedure) can bypass the obstruction. To date, the 
only successful use of conduits in veterinary medicine 
has been from proximal pulmonary artery to distal 
pulmonary artery or from the right ventricle to the 
pulmonary artery. Because of the many problems asso- 
ciated with conduits, these procedures are recom- 
mended only for supravalvar PS. 


Surgical Technique 


The surgical procedure is accomplished by a left 
lateral thoracotomy in the 4th intercostal space. The 
conduit is attached distally to the pulmonary artery 
by end-to-side anastomosis after the distal pulmonary 
artery has been partially occluded. The proximal at- 
tachment of the conduit is identical to the attach- 
ment distally. 


OPEN HEART SURGERY 


Open heart surgery is effective for all types of PS but 
has a higher mortality rate. Since the closed techniques 
described are effective, safe, and more cost effective, 
open heart surgery for PS repair cannot be recom- 
mended for clinical practice at this time. 


AORTIC STENOSIS 


Aortic stenosis represents a congenital narrowing of 
the left ventricular outflow tract (subvalvular), aortic 
valve (valvular), or aorta (supravalvular). Subvalvular 
aortic stenosis (SAS) is the predominant lesion in dogs. 
Aortic stenosis is rare in cats. 


Indications and Contraindications 


The severity of aortic stenosis based upon cardiac 
catheterization is considered by our laboratory as fol- 
lows: 


(1) Mild with gradients across the aortic valve of less 
than 50 mmHg, 

(2) Moderate when gradients are 50 to 90 mmHg, or 

(3) Severe with gradients of greater than 90 mmHg. 


In humans, critical aortic stenosis is present when gra- 
dients exceed 100 mmHg. Adult dogs with mildly ele- 
vated gradients tend to remain asymptomatic (median 
survival, 50.1 months), whereas those with severe gradi- 
ents (> 80 mmHg) have a greatly increased risk of 
death within 3 years (median survival, 18.9 months).'* 
Thus, surgical intervention should be attempted only 
with severe aortic stenosis, since perioperative mortal- 
ity and morbidity are relatively high. In the symptom- 


atic growing dog, surgery should be accomplished be- 
fore severe left ventricular hypertrophy occurs. 

Clear predictions of long-term outcomes associated 
with interventional techniques will require further 
study. Long-term data of valve dilation using balloon 
valvulotomy and valvulotome techniques are just now 
becoming available and require further study. In con- 
trast, studies following left ventricular to aortic conduit 
repair are not available. Long-term results (at least 10 
years) with open heart surgical techniques are variable. 
Although some dogs have done well, approximately 
half have developed congestive cardiomyopathy at 5 to 
7 years of age. Whether this is related to cardioplegia 
used during surgery, disease-related myocardial injury 
that preceded surgery, or to other factors is unknown. 


VALVE CONDUITS 
Surgical Technique 


Valved left ventricular apical-aortic conduits have 
been used for the past decade’? to treat aortic stenosis 
in the dog. The conduit is attached proximally to the 
apex of the left ventricle and to the descending aorta 
distally. The device permits decompression of the left 
ventricle and provides an alternative exit for blood 
from the left ventricle, reducing the critical hypertro- 
phy that occurs with the disease. A valve in the conduit 
protects against aortic regurgitation. However, results 
have been variable. The cost of valve conduits is high, 
and the requirement for anticoagulation is compli- 
cated. Consequently, these conduits cannot be advo- 
cated currently for veterinary patients. 


OPEN HEART SURGICAL RESECTION 
Surgical Techniques 


Open resection of the subvalvular fibrous ring dur- 
ing cardiopulmonary bypass has been described in 
dogs.” ?! In addition, ventricular septal myectomy may 
be performed at the same time on the obstructing 
fibromuscular tissue beneath the aortic valve, de- 
pending on the degree of hypertrophy and outflow 
tract obstruction. In successful cases, the gradient has 
been reduced both at surgery and 1 year postopera- 
tively.?! Patients with isolated, discrete subvalvular rings 
may be more successfully corrected than those with 
complicated or tunnel-like lesions. Although this tech- 
nique appears to be effective, the intraoperative mor- 
tality (10 to 20 percent), plus the cost of open heart 
surgery, has limited the availability of this procedure. 
Successful postoperative reduction in the left ventricu- 
lar outflow gradient does not eliminate the risk of 
sudden death. 
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VALVE DILATION 
Surgical Technique 


Valve dilation can be accomplished using percutane- 
ous balloon valvuloplasty (see chapters 9 and 24) intro- 
duced through the femoral or carotid artery and di- 
rected under fluoroscopic guidance through the aortic 
valve. Favorable short-term results have been re- 
ported,* but long-term follow-up is often disappoint- 
ing,” with transvalvular gradients often increasing back 
to pre-interventional levels. 

Surgical closed transventricular valve dilation of the 
fibrous, subvalvular aortic ring, using a valve dilator, 
has been described.” The procedure is best accom- 
plished via a median sternotomy, but it can be done 
with difficulty through a left lateral thoracotomy at the 
5th intercostal space. The apex of the left ventricle is 
identified, and a large, deep, double pursestring suture 
is placed there. A stab incision is then made into the 
left ventricular cavity, and the valvulotome is intro- 
duced into the left ventricle. The left index finger is 
placed around the base of the heart at the aortic valve 
to act as a guide to direct the valvulotome toward the 
aortic valve. When the tip of the valvulotome is pal- 
pated in the aorta, :the valvulotome is pulled back 
through the aortic valve and opened, and the obstruct- 
ing lesion is cut. Multiple cuts are then made as the 
valvulotome is retracted through the subvalvar area, 
incising the obstructive ring. When the valvulotome 
can be opened fully and the subvalvar area dilated, the 
valvulotome is removed from the left ventricle and the 
pursestring suture is tied. Closure is routine. Results of 
surgery using the valvulotome appear to be good to 
date, with survival exceeding 80 percent. Postoperative 
management is uncomplicated, requiring 72 hours for 
observation and management of arrhythmias. Results 
of 5-year follow-up are favorable. 


ATRIAL SEPTAL DEFECTS 


Atrial septal defects are uncommon. Ostium primum 
defects are generally large and may contribute to com- 
plex atrioventricular septal defects or endocardial 
cushion defects, especially in felines (see chapter 24). 
These lesions cause volume overload resulting in con- 
gestive heart failure.” Although rare in the dog, this 
lesion is usually significant when encountered and 
should be repaired.?°*® In contrast, solitary ostium 
secundum atrial septal defects rarely cause significant 
volume overload. For those lesions that warrant sur- 
gery, cardiopulmonary bypass is required; the right 
atrium is opened and secundum defects are closed 
either by primary suture or by patch, depending on 
the defect size. Ostium primum defects require patch 
repair.?” 
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VENTRICULAR SEPTAL DEFECTS 


Ventricular septal defects (VSDs) result from failure 
or incomplete development of the membranous or 
muscular interventricular septum. Most VSDs are lo- 
cated high in the membranous septum, although atrio- 
ventricular septal defects occur infrequently.** ** The 
majority of VSDs are small, restrictive, and generally 
asymptomatic. More advanced, larger, or complex le- 
sions may require surgical intervention. 


PULMONARY ARTERY BANDING 
Indications and Contraindications 


Definitive treatment of symptomatic animals re- 
quires open heart surgery using cardiopulmonary by- 
pass,” but this carries a high risk and is expensive. 
Deep hypothermic circulatory arrest*’ is curative, is 
extremely time consuming, carries an even higher risk, 
and requires extensive training. Pulmonary artery 
banding is palliative, is relatively simple, and has a very 
low risk, but it cannot be performed in immature 
animals.*' * It is the preferred technique in mature 
patients. This technique creates a supravalvular PS that 
increases right ventricular pressures, thereby diminish- 
ing the severity of left-to-right shunting through the 
VSD. If excessive banding increases RV pressures too 
much, right-to-left shunting and cyanosis will result. 


Surgical Techniques 


Surgery is performed through a left lateral thoracot- 
omy in the 4th intercostal space. By careful blunt dis- 
section using a right-angle forceps, the main pulmo- 
nary artery is separated from the aorta on the medial 
side. Inadvertent tearing of the right pulmonary artery 
is less likely to occur when careful dissection is per- 
formed around the artery from a cranial to caudal 
direction. The dissection should be carried out close 
to the heart since the main pulmonary artery in the 
dog is quite short. 

After the instrument has circled behind the main 
pulmonary artery, umbilical tape is passed around the 
vessel. The pulmonary artery can then be compressed 
with the umbilical tape until the pulmonary artery is 
one third its original diameter or, if distended, one 
third the apparent diameter at the pulmonary valve 
(Fig. 39-5). The umbilical tape is then sutured at that 
position to maintain the pulmonary artery at the one- 
third-normal diameter. If desired, a knot can then be 
placed in the umbilical tape. Pulmonary artery size 
should decrease, and the color of the pulmonary ar- 
tery should darken with reduction of the shunt. 

If the band is placed too loosely, right ventricular 
pressure will not be elevated sufficiently to reduce 
shunt flow from the left ventricle. If the band is placed 


FIGURE 39-5 


Left lateral thoracotomy at the fourth intercostal space. The lungs 
(L) are reflected, and the pericardium is incised parallel and dorsal 
to the phrenic nerve. Pericardial basket sutures assist in elevating 
the heart. An umbilical tape is positioned around the pulmonary 
artery (arrows), tightened, and held in position with right-angle 
forceps. The pulmonary artery diameter is reduced to one third 
the diameter of the pulmonary artery at its origin, the pulmonary 
valve annulus. Sutures are then placed (e.g., needle holder) and 
tied in the umbilical tape to maintain this tape diameter. P, 
pericardium; PA, pulmonary artery (labeled at the approximate 
level of the pulmonary valve annulus); RV, right ventricle. 


too tightly, potential right-to-left shunting through the 
VSD can produce severe cyanotic heart disease. The 
pulmonary artery pressure should be reduced by one 
half and the right ventricle pressure increased to twice 
the prebanding pressure. These pressures can be mea- 
sured by a small needle inserted directly into the pul- 
monary artery distal to the band or into the right 
ventricular lumen. 

Closure and postoperative management are routine. 
Animals with pulmonary artery banding recover 
quickly and should be monitored for a week to 10 days 
for cyanosis. If cyanosis occurs, right-to-left shunting 
has developed and the band must be removed or 
loosened. With successful surgery, animals may have 
normal longevity, albeit with reduced activity in some 
instances. In the dog this technique has produced 
effective results in excess of 10 years. 


TETRALOGY OF FALLOT 


This complex congenital defect is composed of four 
components: (1) pulmonic stenosis (right ventricular 
outflow obstruction), (2) secondary right ventricular 
hypertrophy, (3) high ventricular septal defect, and 
(4) overriding (dextropositioned) aorta. Some pets 
will tolerate this condition for years with medical man- 
agement. 


Indications and Contraindications 


Surgical treatment should be instituted only when 
medical therapy fails. Surgical palliation or correction 
can be considered. Although some cases have been 
corrected by open heart surgery using cardiopulmo- 
nary bypass,*** the procedure is costly and carries a 
high mortality. Palliative procedures using systemic to 
pulmonary artery shunts appear to be effective and are 
advocated when medical therapy fails. These shunts 
include the classic Blalock-Taussig anastomosis, Pott’s 
anastomosis, or graft or conduit connections.** ™ 


BLALOCK ANASTOMOSIS 
Surgical Techniques 


The purpose of shunt surgery is to return a large 
portion of the partially oxygenated systemic blood to 
the lung, to then be oxygenated and returned to the 
left side of the heart. The Blalock anastomosis has 
been used successfully in humans since 1947, first as a 
final repair, and currently as a palliative technique. 

Blalock anastomosis is accomplished through a left 
thoracotomy at the 4th intercostal space. The dark- 
ened pulmonary artery can be visualized. The left 
subclavian artery is identified, ligated as far distally as 
possible, clamped using a bulldog clamp, and tran- 
sected distally. The left subclavian artery is then mobi- 
lized toward the pulmonary artery. If no kinking devel- 
ops at the origin of the left subclavian artery, a direct 
end-to-side anastomosis of the left subclavian to pulmo- 
nary artery can be accomplished. The pulmonary ar- 
tery is partially occluded with a Satinsky-type clamp, 
and the anastomosis is completed using a continuous 
suture pattern. The pulmonary artery clamp is re- 
moved, the suture holes are allowed to fill with blood, 
and 1 or 2 minutes later the subclavian artery clamp 
can be removed (Fig. 39-6). 

If the animal is small, or if the left subclavian artery 
kinks at the origin from the aorta when rotated toward 
the pulmonary artery, a revision of the left subclavian 
artery origin should be considered. The aorta should 
be clamped with a partially occluding clamp at the 
point where the subclavian artery exits. A diamond- 
shaped incision, partially including the aorta and par- 
tially including the left subclavian artery, can be made 
at the junction of the subclavian artery and aorta. The 
subclavian artery is then rotated toward the pulmonary 
artery and the two angles of the diamond are sutured 
together. This makes a more direct outflow from the 
aorta to the left subclavian artery and removes the 
shelf of tissue produced by the kinking of the vessel as 
it is rotated ventrally and posteriorly. The final portion 
.of the anastomosis to the pulmonary artery is carried 
out in routine manner. An alternative operation is to 
extend the length of the short subclavian artery with a 
Gore-Tex conduit. 
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FIGURE 39-6 


Left lateral thoracotomy at the 4th intercostal space. The lungs (L) 
are reflected posteriorly. The left subclavian artery (S) was rotated 
and anastomosed to the main pulmonary artery (PA) in an end-to- 
side pattern (arrow). This Blalock anastomosis is used to palliate 
clinical signs associated with tetralogy of Fallot. P, pericardium; LA, 
left auricle; RV, right ventricle. 


POTT’S ANASTOMOSIS AND CONDUIT SHUNTS 
Surgical Techniques 


Pott’s technique uses a simple side-to-side pulmo- 
nary artery to aorta anastomosis. Conduit shunt from 
aorta to pulmonary artery has been described in veteri- 
nary medicine for tetralogy. The techniques require 
microsurgical skills and are probably limited to large 
institutions at this time.** The surgery requires the use 
of expensive Pott’s clamps, which are used to occlude 
the aorta partially. Techniques of anastomosis are simi- 
lar to those of other vascular anastomoses, but the size 
and length of the fistula developed must be carefully 
monitored lest extreme pulmonary recirculation and 
left-sided heart failure develop. Accordingly, Pott’s 
anastomosis has fallen in disfavor in human medicine 
and is not recommended at this time for small animals. 


PATENT DUCTUS ARTERIOSUS 


Indications and Contraindications 


Patent ductus arteriosus (PDA) is nearly always fatal 
if left untreated, and intervention should be done 
at the earliest possible date. Fortunately, left-to-right 
shunting PDA can be cured surgically with a success 
rate of over 95 percent.” Small size is not a contrain- 
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dication for surgical repair”®; however, atrial fibrillation 
(particularly in large, older dogs) confers a signifi- 
cantly lower success rate.” Increasingly, nonsurgical 
transcatheter coil occlusion of the persistently patent 
ductus arteriosus is being used in place of surgery.’ 

Smaller breeds with PDA tend to develop left-sided 
heart failure at an earlier age and over a shorter time 
period than do larger breeds. In our experience, half 
the dogs with PDA presented for surgery have mitral 
regurgitation associated with left ventricular and mitral 
annulus dilation resulting from volume overload. 
These animals are more prone to develop pulmonary 
edema. However, when they are administered furose- 
mide 12 hours prior to surgery, they are at no in- 
creased anesthetic risk. 

Preoperative care is most concerned with animals 
who have severe mitral regurgitation or pulmonary 
edema. Congestive heart failure should be treated with 
vigorous diuresis and other agents as needed to effect 
a compensated state prior to surgery. PDA closure 
should then be accomplished without delay. 

Occasionally, animals with PDA may develop malig- 
nant pulmonary hypertension and secondary right-to- 
left shunt (Eisenmenger’s syndrome), particularly dogs 
who live at high altitudes. More frequently, right-to-left 
shunting in dogs results from persistence of the fetal 
circulation, so that the embryologic right-to-left pulmo- 
nary to aortic flow persists into the neonatal period. 
Right-to-left shunting PDA, regardless of cause, is a 
contraindication to surgery or coil occlusion. 


STANDARD DISSECTION TECHNIQUE 
Surgical Techniques 


Left lateral thoracotomy at the 4th intercostal space 
is performed. Preoperative atropine administration 
blunts the parasympathetic stimulation that occurs 
when the vagus nerve is manipulated in the process of 
visualizing the ductus. The left cranial lung lobe is 
rotated posteriorly, revealing the right ventricular out- 
flow tract and descending aorta. An incision is made 
into the pericardium parallel to and between the vagus 
and phrenic nerves. The vagus nerve is identified, 
looped with umbilical tape, and elevated along with 
the pericardium off the heart and the aorta. Using 
right-angle forceps, the normal cleavage plane between 
the cranial dorsal aorta and posterior ventral pulmo- 
nary artery is opened. This plane lies just cranial to 
the ductus. The ductus can now be visualized beneath 
the elevated vagus nerve, ventral to the aorta and 
dorsal to the pulmonary artery (Fig. 39-7). The right- 
angle forceps is then passed beneath the aorta, poste- 
rior to the ductus, and around and down to the pre- 
viously opened cleavage plane. With the right-angle 
forceps beneath the ductus, two double-O silk sutures 
are carried behind the ductus, positioned, and tied. 


FIGURE 39-7 


Left lateral thoracotomy at the 4th intercostal space. The lungs 
have been reflected, the vagus nerve (V) his been elevated (top), 
and the phrenic nerve (p) is visualized at the bottom. The patent 
ductus arteriosus is exposed and is barely visible (within arrows) 
between the aorta (A) (dorsal) and the pulmonary artery (PA) 
(ventral). The patent ductus arteriosus lies medial to the vagus 
nerve. 


The aortic side of the ductus is tied first. Closure 
is routine. 

In dogs heavier than 7 kg, safety ties may be placed 
on the arch vessels in an effort to control bleeding if 
it occurs. These are simply accomplished with umbili- 
cal tape by looping the left subclavian and brachyce- 
phalic arteries and placing a Blalock tourniquet 
around the descending aorta. An additional incision is 
made in the pericardium ventral to the phrenic nerve. 
With these safety measures, bleeding produced by a 
tear in the ductus can be controlled. The umbilical 
tapes are tightened on the subclavian and brachyce- 
phalic arteries and on the aorta to control all systemic 
arterial backflow to the ductus. A large vascular clamp 
is placed across the pulmonary artery and aorta 
through the opening made in the pericardium at the 
transverse sinus of the pericardium. This stops all for- 
ward bleeding from the aorta and the pulmonary ar- 
tery. Once back-bleeding from the pulmonary artery 
is stopped, all blood flow in the circulatory system is 
stopped, and a clamp or suture can be placed on the 
torn ductus. Duration of occlusion should be less than 
2 minutes. Animals smaller than 7 kg would hemor- 
rhage excessively before the safety sutures and clamps 
could be applied; therefore, this safety technique is 
generally not recommended in these patients. 

Postoperative management of PDA patients is un- 
complicated and routine. The owner should be cau- 
tioned that the animal should not engage in strenuous 
exercise during the ensuing 3 weeks, but no other 
restrictions are required. 


JACKSON TECHNIQUE 
Surgical Techniques 


An additional technique for suture placement 
around the ductus eliminates dissection beneath the 
friable ductus. This Jackson technique”? requires pass- 
ing one end of the suture beneath the aorta cranial to 
the ductus and out the prepared cleavage point be- 
tween the aorta and pulmonary artery. The other end 
of the suture is carried under the aorta from dorsal to 
ventral posterior to the ductus (Fig. 39-8) after dis- 
secting the back wall of the aorta free of the mediasti- 
nal tissue. When the ends of the suture are pulled 
together and tied, the suture is pulled beneath the 
aorta around the ductus, thereby occluding it. 


FIGURE 39-8 


Suture placement for ligation of the patent ductus arteriosus using 
the Jackson technique. (A) Prior to suture placement, the 
mediastinal tissues are bluntly dissected dorsal and cranial to the 
aorta (A), from the left subclavian artery to the patent ductus 
arteriosus (D). The aorta is freed from surrounding tissue on its 
medial side. LPA, left pulmonary artery. (B) Suture positioning is 
illustrated prior to ligating the patent ductus arteriosus. Right- 
angle forceps are carefully passed between the aorta and the 
pulmonary artery in the cleavage plane posterior to the arch of the 
aorta, ventral to the descending aorta, cranial to the ductus 
arteriosus, and dorsal to the pulmonary artery. If further dissection 
is necessary, it should be performed near the strong aorta. The 
midpoint of the 00-silk suture is grasped and the suture is pulled 
between the aorta and the pulmonary artery cranial to the ductus. 

(C) Similarly, the forceps is passed under the aorta posterior to 
the ductus; the ends of the suture are grasped and then pulled 
laterally caudal to the ductus. Care should be taken to assure that 
forceps placement is dorsal to the left pulmonary artery. (D) 
Gentle traction is applied to the suture, causing it to be positioned 
around the ductus; the cranial looped end is cut, leaving two 
sutures. The aortic side is tied first; 30 seconds later the pulmonary 
artery side (not shown) is tied. The knot types should be either a 
granny (so that the second throw can be slipped down tight) 
followed by a square knot, or a surgeon’s tie (so that the first 
throw will not loosen). 
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SURGICAL CONSIDERATIONS FOR 
RECANALIZATION FOLLOWING DUCTAL 
LIGATION 


Approximately 1.5 percent of ductus ligations will 
recanalize, typically within 2 months after the initial 
surgical repair. The cause of recanalization is fre- 
quently unknown; however, infection at the surgery 
site may precipitate it. When recanalization has oc- 
curred, the animal should be reoperated and the duc- 
tus surgically divided. Dissection is difficult and re- 
quires the placement of expensive patent ductus 
clamps. The ductus is divided between the clamps and 
sutured with 6-0 vascular suture. This technique is 
extremely difficult, carries a high risk, and should be 
considered only by surgeons experienced in vascular 
surgery. 


ATRIOVENTRICULAR VALVE DISEASE, 
VALVE REPLACEMENT AND REPAIR 


MITRAL VALVE DISEASE 


Chronic acquired valve disease is the most common 
cardiac disorder in dogs (chapter 25).°° Medical ther- 
apy constitutes the standard form of management 
(chapter 12), yet in a significant number of these 
dogs the disease is inexorably progressive to congestive 
heart failure and death. Accordingly, surgical replace- 
ment or repair of the atrioventricular valves has been 
reported in a small number of dogs.*”** However, the 
extensive costs and the requirements for cardiopulmo- 
nary bypass and valve replacement and advanced surgi- 
cal training limit these techniques for all but a few 
patients at several selective institutions. Ideally, poten- 
tial surgical candidates must be in good health, have 
normal myocardial function (this precludes dogs with 
dilated cardiomyopathy), and receive valve replace- 
ments well before end-stage disease has developed. 

One case of mitral valve reconstruction has been 
reported in a toy breed dog performed in association 
with a private practice.” The valve was partially re- 
moved and reconstructed in a manner to reduce the 
valve annulus and the associated regurgitation. Since 
the valve was not replaced, there was no need for 
expensive valve prosthesis; postoperative long-term an- 
ticoagulation was not needed; and the surgery bypass 
time was reduced. A study in 1997 supported the feasi- 
bility of low-flow hypothermic cardiopulmonary bypass 
in small dogs (< 10 kg).* 

Another approach to canine mitral valve surgery has 
taken an entirely different tack and involves reduction 
of the mitral valve annulus size without cardiopulmo- 
nary bypass.** This technique uses an external-internal 
suture placed around the mitral annulus; when tight- 
ened, it constricts the mitral annulus and thus reduces 
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the degree of mitral regurgitation. This suture is 
placed from outside the heart with the help of a special 
guide. Although case numbers are currently small and 
mortality is still high, this technique appears to hold 
promise. 

Mitral valve stenosis may be congenital or acquired. 
These conditions are rare in small animal veterinary 
medicine. Surgical considerations are therefore not 
addressed here. 


TRICUSPID VALVE DISEASE 


Severe right-sided heart volume overload resulting 
from tricuspid insufficiency may result in effusions 
(pleural, pericardial, or abdominal) or, less commonly, 
peripheral edema. Surgical repair of the tricuspid valve 
is currently not performed in veterinary medicine. 
Consequently, tricuspid insufficiency and associated 
clinical abnormalities are treated medically. Although 
surgery for tricuspid dysplasia, or Ebstein’s anomaly, 
has been performed, outcome is generally unsatisfac- 
tory, and surgery cannot be recommended at this time. 
In addition, tricuspid valve replacement requires long- 
term anticoagulation, which has not proved to be reli- 
able in the dog. Tricuspid stenosis, a very rare condi- 
tion, has been relieved by balloon valve dilation.’ 


VASCULAR RING ANOMALIES 


Indications and Contraindications 


For the purposes of this discussion, vascular ring 
anomalies are divided into two groups: persistent right 
aortic arch and others. Because of the high incidence 
of persistent right aortic arch (95 percent),*’ this lesion 
is gencrally assumed to be present and is easily verified 
by a contrast study following a barium swallow. The 
differential diagnosis of persistent right aortic arch or 
other vascular ring anomalies usually requires angiog- 
raphy. However, since the surgical exposure is similar 
for other types of vascular ring anomalies, further diag- 
nostic workup is usually not recommended. Treatment 
involves surgical division of the tissues obstructing the 
esophagus. 


Surgical Techniques 


Surgery for persistent right aortic arch, as in other 
vascular ring anomalies, is performed through a lateral 
thoracotomy in the left 4th intercostal space. The di- 
lated esophagus is readily identified, and the obstruc- 
tive vascular structure can be found immediately cau- 
dal to the dilation of the esophagus (see Fig. 24-61). 
In persistent right aortic arch, the rightward aorta is 
usually not visualized since it is to the right of the 
dilated esophagus. The tight, white, glistening band of 


the ligamentum arteriosum or PDA may be identified 
as it obstructs the esophagus. With blunt dissection, 
the obstructing band is isolated, double ligated, and 
divided. Approximately 10 percent of the bands are 
patent. At the dorsal, rightward end of the band, the 
aorta may be just visualized. The ventral, leftward pul- 
monary artery is easily visualized. After the liga- 
mentum arteriosum is divided, the esophagus is bluntly 
freed from surrounding mediastinal tissue, which 
might act as a continuing constriction by adhesion. At 
this time, the esophageal stethoscope should be passed 
from the distended esophagus through the constricted 
area into the caudal esophagus. 

If additional anomalous vessels are identified at the 
time of surgery, they can be divided. In cases of double 
aortic arch, a decision must be made as to which arch 
to sacrifice. Preferably, the one without branches or 
the least prominent arch should be chosen. If the left 
aortic arch appears to be the largest, the patient’s 
chest should be closed. At a later convenient time, a 
right thoracotomy should be performed and the right 
aortic arch divided. Postoperative management of 
other vascular ring anomalies is similar to that of per- 
sistent right aortic arch. The prognosis for treatment 
of aberrant arch vessels is very good. Prognosis for 
success with double aortic arch is very poor, but these 
lesions occur only rarely. 

If the esophagus is still somewhat constricted, bou- 
gienage should be performed. This can be accom- 
plished using a Foley catheter with the balloon placed 
at the constricted area. After freeing the esophagus 
and dilating it internally, the chest is closed in routine 
manner. 

Postoperatively, the patient should be fed small 
amounts of liquid diet frequently, preferably in an 
elevated position, until normal esophageal activity re- 
turns. The animals can be slowly returned to a normal 
feeding plan in a period of 2 to 6 weeks. In severely 
affected animals, esophageal motility may never re- 
turn. 

The prognosis depends on the severity of esophageal 
distention and associated esophageal injury. If surgery 
is performed before severe esophageal distention and 
pocketing occur, the results can be excellent, although 
a recent study suggested that persistence of mega- 
esophagus and regurgitation in the early postoperative 
period did not indicate a poor long-term outcome.” 


COR TRIATRIATUM AND CAVAL 
ANOMALIES 


These rare conditions are generally correctable with 
surgery. Cor triatriaturn is poorly responsive to medical 
therapy. Atrial septectomy during inflow occlusion, 
when successful, resolves clinical signs. Successful sur- 


gical dilation and tearing of the anomalous membrane 
has been reported.* A right 5th intercostal thoracot- 
omy approach is used. Both cava and azygos veins are 
encircled with umbilical tapes that are incorporated in 
Rumel snares. The pericardium is opened ventral to 
the phrenic nerve. The portion of right atrial wall over 
the septum separating the cranial and caudal right 
atrial chambers is entrapped with a tangential vascular 
clamp. The atrium within the clamp is incised. Venous 
inflow of the vena cava and azygos veins is occluded 
and the heart is permitted to empty (circulatory arrest 
should be less than 4 minutes). The atrial wall clamp 
is removed and the abnormal septum is excised. The 
atrium is closed with a simple continuous suture pat- 
tern and oversewn. 

Caudal vena caval abnormalities are rare. Reported 
cases include extraluminal compressive masses and in- 
traluminal obstruction from neoplasia, trauma, and 
membranes. Surgical correction provides successful 
management in many instances.°~”? 


SURGICAL REMOVAL OF ADULT 
HEARTWORMS 


Indications and Contraindications 


Although rarely needed and uncommonly per- 
formed, surgical removal of heartworms has been a 
successful and valuable treatment for selected patients 
with severe heartworm disease—particularly, because it 
is the only successful treatment for severe caval syn- 
drome.” ** These dogs can be managed by right jugu- 
lar venotomy and removal of the heartworms by alliga- 
tor forceps. 


Surgical Technique 


CAVAL SYNDROME. Local anesthetic infiltration over 
the right jugular vein is usually all that is necessary, 
since these patients are prostrate and require little, 
if any, sedation. Fluoroscopy can permit visualization 
during manipulation but is not necessary. 

An incision is made over the right jugular furrow. 
The jugular vein is identified, occluded distally, and 
opened. Long alligator forceps are introduced into the 
jugular vein and advanced into the heart, and worms 
are grasped and removed. At completion, the jugular 
vein is ligated and the skin closed. The technique is 
effective in approximately 85 percent of dogs with 
caval heartworm syndrome, which would otherwise be 
fatal. The technique has also been used to reduce the 
worm load prior to medical treatment. 


OTHER APPLICATIONS. In rare situations, dogs with se- 
vere heartworm infection may be considered as candi- 
dates for surgical adult worm removal. One situation 
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includes dogs that had concurrent severe renal or 
hepatic dysfunction, restricting the use of arsenical 
compounds. However, with melarsomine hydrochlo- 
ride, the therapeutic index is greater than with thiacet- 
arsamide. Another situation involves the valuable field 
dog that would be compromised by pulmonary emboli- 
zation due to routine adulticide treatment. The surgi- 
cal techniques that are effective for this type of heart- 
worm disease were previously described for PS and 
involve right ventriculotomy, using alligator forceps 
rather than the bistoury, and worm removal by the 
forceps. Pulmonary arteriotomy after inflow occlusion 
and direct removal of the worms is a preferable proce- 
dure. The surgical techniques are relatively simple and 
have a lower morbidity in critical heartworm patients 
than does routine medical therapy. Open heart surgery 
may allow removal of adult heartworms.* 


PERICARDIECTOMY 


Indications and Contraindications 


Pericardiectomy is a technically simple procedure 
used for management of some cases of chronic pericar- 
dial disease in the dog.” Occasionally, cases of severe, 
chronic pericardial disease cause marked pericardial 
thickening with extensive vascularization and granulo- 
matous changes (chapter 29), making surgery very 
difficult. Pericardial windows may not be effective in 
these cases because pericardial adhesions form postop- 
eratively. Even when surgical management seems effec- 
tive, pericardial effusion can recur as much as 4 years 
later in some cases.°” 


Surgical Techniques 


Median sternotomy provides the best surgical expo- 
sure since removal of most or all pericardium is re- 
quired for successful pericardiectomy. Electrocautery 
is advised for this dissection because of the vascular 
nature of the affected pericardium. Unfortunately, if 
the procedure is not curative, persistent postoperative 
bleeding or effusion may be life threatening, since 
bleeding will interfere with healing of the median 
sternotomy incision. However, because untreated 
chronic pericardial disease is eventually fatal, the risk- 
benefit ratio favors surgical intervention. 

Median sternotomy is performed as described pre- 
viously, incising approximately the posterior two thirds 
to three fourths of the sternum. The phrenic nerves 
are carefully dissected free of the pericardium, and the 
pericardium is removed using electrosurgery as close 
to the heart base as can safely be accomplished. Strict 
control of hemorrhage must be maintained. Chest clo- 
sure is routine. Postoperative chest drainage should be 
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maintained for at least 24 hours, or until little addi- 
tional pleural effusion is collected. 

If adequate removal of the pericardium is accom- 
plished and postoperative effusion is limited, pericar- 
diectomy is a very effective procedure for chronic 
pericardial effusion and tamponade. Excessive postop- 
erative effusion or inadequate removal of pericardium 
may produce unacceptable results, including heart fail- 
ure and death. 


CARDIAC TUMORS 


Right atrial hemangiosarcoma and chemodectoma 
(the most common cardiac neoplasia) generally are 
not amenable to surgery; occasionally, however, surgi- 
cal intervention with palliative pericardiectomy has 
produced somewhat favorable results.” 58 


HEMANGIOSARCOMA. This metastatic tumor is often 
associated with the right heart, particularly the right 
atrium. It is usually detected in dogs who are presented 
for signs associated with pericardial tamponade. If 
identified early without gross evidence of multiorgan 
metastasis, it can sometimes be surgically removed, 
particularly when it is localized to the right auricular 
appendage. Surgery involves isolating the tumor with 
a vascular clamp beneath the base of the tumor, exci- 
sion, and closure of the atrium. Alternatively, the right 
auricle can be excised with a thoracoabdominal sta- 
pling instrument when the tumor is located in this 
appendage.” Unfortunately, the aggressive nature of 
the tumor, the typical advanced stage at the time of 
detection, and perioperative difficulties have contrib- 
uted to poor results. 


CHEMODECTOMA (“HEART-BASE TUMOR”). The 
“heart base tumor” has been loosely applied to any 
tumor situated at the cardiac base. Chemodectoma 
is the most common neoplasia located in that area, 
although other malignancies and non-neoplastic 
masses can also occur. Chemodectoma is a relatively 
slow-growing, locally invasive cancer. It is commonly 
located between the aorta and pulmonary artery and 
can sometimes grow to enormous size before clinical 
signs (pericardial or pleural effusion) are recognized. 
Surgical excision of the tumor from the wall of the 
great vessels and atria, followed by chemotherapy or 
radiation therapy, has been advocated. Electrocautery 
is used to decrease hemorrhage. Although some cases 
appear to respond, clinical outcome is usually unre- 
warding. Palliative pericardiectomy may be effective 
when clinical signs are associated with chronic pericar- 
dial effusion. 


term 


PACEMAKER THERAPY 


Symptomatic bradycardia in dogs and cats unrespon- 
sive to medical therapy may be treated by cardiac 
pacing. For many years, implantation of a permanent 
pacemaker required a thoracotomy or abdominal 
transdiaphragmatic approach through which an epi- 
cardial electrode was attached to the left ventricular 
apex. Transvenous lead insertion of a right ventricular 
endocardial electrode has become popular due to the 
relatively simpler nature of this technique. Chapter 20 
discusses pacemaker therapy in detail. 
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Appendix A 


Recommendations for 
Diagnosis of Heart Disease 
and Treatment of Heart 
Failure in Small Animals 


This document was created by the International Small Animal Cardiac Health 
Council (below), starting in May of 1992, to provide guidelines for diagnosing 
common cardiac diseases in small animals and for treating the heart failure that 
occurs secondary to these diseases. 

The International Small Animal Cardiac Health Council has included the following 
members: 

Dr. John Bonagura, University of Missouri; Dn Claudio Bussadori, Milan, Italy; 

Dr. David Church, The University of Sydney, Australia; Dr. Peter G. G. Darke, 

University of Edinburgh, Scotland; Dr. Philip Fox, Animal Medical Center, 

NY; Dr. Robert Hamlin, The Ohio State University; Dr. Bruce Keene, North 

Carolina State University; Dr. Mark D. Kittleson, University of California; Dr. 

Chris Lombard, Universitat Bern, Switzerland; Dr. Takeo Minami, Japan; Dr. 

Sydney Moise, Cornell University; Dr. Michael O’Grady, University of Guelph, 

Canada; Dr. Paul D. Pion, University of California; Dr. Jean Louis Pouchelon, 

Alfort National Veterinary School, France; Dr. David Sisson, University of 

Illinois; Dr. William P. Thomas, University of California; Dr. Larry P. Tilley, 

Santa Fe, NM; and Dr. Yoshihisa Yamane, Japan 

The International Small Animal Cardiac Health Council activities are supported by 
an educational grant from Merial Ltd. 


PATHOPHYSIOLOGY OF HEART DISEASE 
LEADING TO HEART FAILURE 


HEART DISEASE is defined as the presence of any cardiac finding outside the 
accepted limits of normality, such as a systolic murmur or systolic click heard on 
auscultation, a bundle branch block on the electrocardiogram, or reduced wall 
motion on the echocardiogram. 

The major functions of the cardiovascular system are to maintain normal (1) 
systemic arterial blood pressure, (2) blood flow (cardiac output), and (3) venous 
and capillary pressures. When cardiac disease becomes severe, the ability of the 
cardiovascular system to maintain these functions deteriorates. Consequently, 
heart failure may manifest as edema resulting from high capillary pressure, low 
cardiac output (hypoperfusion), or low blood pressure (hypotension). 

MYOCARDIAL FAILURE is defined as a decrease in myocardial contractility. 
Many types of heart disease (e.g., dilated cardiomyopathy) result in myocardial 
failure. Although patients with myocardial failure commonly develop signs of 
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heart failure, myocardial failure may be present when 
heart failure is not. Myocardial failure is not a consis- 
tent feature of heart failure and in many cardiac 
diseases myocardial systolic function is normal, yet 
heart failure is present (e.g., hypertrophic cardiomyop- 
athy, mitral regurgitation in small dogs, and chronic 
pericardial tamponade). 

ACUTE HEART FAILURE can be severe enough to 
lead to cardiogenic shock. Hypoperfusion and hypo- 
tension usually prevail because chronic compensatory 
mechanisms have not had time to become effective. 

CHRONIC HEART FAILURE usually allows time to 
physiologically compensate for heart disease. Compen- 
sation commonly takes the form of renal sodium and 
water retention, which produces an increase in Cir- 
culating blood volume. As venous return increases, 
the myocardium in the affected ventricle is stretched, 
stimulating it to grow into a larger chamber (volume 
overload or eccentric hypertrophy). The increase in end- 
diastolic volume provided by volume overload hyper- 
trophy allows the affected ventricle to accommodate 
a larger diastolic volume without increasing diastolic 
ventricular pressure and to pump more blood for any 
given amount of myocardial shortening (shortening 
fraction). 

Renal sodium and water retention is stimulated 
through a number of different mechanisms that are 
activated by a decrease in systemic and, therefore, 
renal blood flow or circulating blood volume. The 
renin-angiotensin-aldosterone system (RAAS) is one of 
the most important mechanisms for stimulation of salt 
and water retention. When the ability of the ventricle 
to enlarge reaches a maximum and becomes over- 
whelmed, the kidneys continue to retain salt and water 
because of the continued suboptimal cardiac output 
and renal perfusion. At this stage, the salt and water 
retention increases diastolic ventricular pressure to a 
clinically significant level. 

SIGNS OF HEART FAILURE are associated with (1) 
diseases of the left side of the heart, manifested by 
pulmonary congestion and edema, called left-sided con- 
gestive heart failure. Congestion and edema formation 
are the most common manifestations of chronic heart 
failure, so the term “congestive heart failure” is often 
used synonymously with heart failure; (2) diseases of 
the right side of the heart, which manifest differently 
among species. In dogs and cats, right-sided congestive 
heart failure usually results in ascites and, occasionally, 
pleural or pericardial effusion or subcutaneous edema. 
Also, congestive right and left heart failure together 
commonly produce pleural effusion. Chronic heart 
failure patients can also have clinical signs referable to 
poor perfusion (low-output failure), but these signs are 
less common and generally occur late in the course 
of the disease. These animals do not usually become 
clinically hypotensive. 


DEFINITION OF HEART 
FAILURE 


HEART FAILURE occurs when heart disease be- 
comes severe enough to overwhelm the compensatory 
mechanisms of the cardiovascular system. Heart failure 
is not a disease. Heart failure is present when a me- 
chanical inadequacy of the heart results in elevated 
venous and capillary pressures, leading to congestion 
and edema formation in the tissues (CONGESTIVE or 
BACKWARD HEART FAILURE) or inadequate cardiac 
output (FORWARD or LOW-OUTPUT HEART FAIL- 
URE) or both. The presence of identifiable heart dis- 
ease does not in any way imply that heart failure is 
present or will ever manifest as a clinical problem. 

While there are many proposed definitions of heart 
failure, none is universally accepted. Four currently 
employed definitions include: 


An inability of the heart to deliver enough blood to the 
peripheral tissues to meet metabolic tissue demands. A de- 
creased cardiac output and a rise in atrial pressures are the 
hallmarks of the syndrome. In mild forms of heart failure, 
cardiac output falls and atrial pressures rise in response to 
physical exertion. As the heart failure syndrome worsens, 
clinical signs are detectable at lower levels of exertion and 
finally are apparent at rest. (Parmley WW, Chatterjee K. 
Principles in the management of congestive heart failure. 
In Parmley WW, Chatterjee K: Cardiology. Philadelphia, JB 
Lippincott, 1988, p 1.) 

Pathophysiologic state in which an abnormality of cardiac 
function is responsible for failure of the heart to pump 
blood at a rate commensurate with the requirements of the 
metabolizing tissues or do so only at an elevated filling 
pressure. (Braunwald E: Pathophysiology of heart failure. In 
Braunwald E. Diseases of the Heart, 4th ed. Philadelphia, 
WB Saunders, 1992, p 393). 

When the cardiovascular system fails to circulate sufficient 
blood to meet the metabolic demands of the body for nutri- 
ents or when the blood backs up within a venous or capillary 
bed, the patient manifests a complex of clinical signs. These 
clinical signs resulting from cardiac dysfunction translate 
into a reduced quality of life and/or longevity. 

“Heart failure is a pathophysiologic condition that be- 
comes clinically apparent when heart disease causes systolic 
or diastolic cardiac dysfunction or both, severe enough to 
produce clinical signs referable to edema or peripheral hypo- 
perfusion, or a combination thereof, at rest or with exer- 
cise. 


CLASSIFICATION OF HEART 
FAILURE SEVERITY 


It is useful to think of heart disease and failure as a 
continuum that may progress from heart disease to the 
preclinical phase to a phase with overt clinical signs. 


1. Heart disease includes numerous anatomic and physi- 


ologic abnormalities of diverse etiology that may or 
may not become clinically significant to the patient. 

2. The preclinical phase has identifiable cardiac struc- 
tural abnormalities (e.g., by radiography, electrocar- 
diography, echocardiography). However, these are 
not apparent to the owner because of compensatory 
mechanisms that inhibit development of clinical 
signs of heart failure. 

3. A phase with overt clinical signs evident to the client 
and clinician heralds advanced congestive heart fail- 
ure. 


HUMAN SCHEME (NEW YORK HEART 
ASSOCIATION CLASSIFICATION) 


Humans with heart disease and heart failure are 
categorized according to a functional classification 
scheme based on the signs and symptoms evident at 
rest and during exercise (New York Heart Association 
functional classes 1 through 4). This scheme often 
does not conveniently or appropriately apply to veteri- 
nary patients with heart failure primarily because many 
of these patients do not exercise vigorously. The Inter- 
national Small Animal Cardiac Health Council unani- 
mously concluded that this scheme did not serve the 
veterinary profession well and that the therapy of heart 
failure would be better guided by a classification system 
based on anatomic diagnosis and the severity of clinical 
signs at rest. Consequently, a new classification scheme 
was developed that the Council believes is more appli- 
cable to the veterinary situation. 


INTERNATIONAL SMALL ANIMAL 
CARDIAC HEALTH COUNCIL HEART 
FAILURE CLASSIFICATION 


THE ASYMPTOMATIC PATIENT 


Heart disease is detectable; however, the patient is 
not overtly affected and does not demonstrate clinical 
signs of heart failure. Diagnostic findings could in- 
clude a cardiac murmur, arrhythmia, or cardiac cham- 
ber enlargement that is detected by radiography or 
echocardiography. 

This stage is subdivided as follows: 


1. No signs of compensation, such as volume or pres- 
sure overload ventricular hypertrophy, are evident. 

2. Radiographic or echocardiographic evidence of 
compensation, such as volume or pressure overload 
ventricular hypertrophy, is present. 


The need for treatment here is arguable but not 
justifiable with currently available data. 


APPENDIX A 885 


MILD TO MODERATE HEART FAILURE 


Clinical signs of heart failure are evident at rest or 
with mild exercise and adversely affect the quality of 
life. Typical signs of heart failure include exercise intol- 
erance, cough, tachypnea, mild respiratory distress 
(dyspnea), and mild to moderate ascites. Hypoperfu- 
sion at rest is generally not present. 

Home treatment is often indicated at this stage. 


ADVANCED HEART FAILURE 


Clinical signs of advanced congestive heart failure 
are immediately obvious. These include respiratory dis- 
tress (dyspnea), marked ascites, profound exercise in- 
tolerance, and hypoperfusion at rest. In the most se- 
vere cases, the patient is moribund and suffers from 
cardiogenic shock. Death or severe debilitation is likely 
without therapy. 

This stage is subdivided as follows: (1) home care is 
possible, (2) hospitalization is mandatory. 


SYSTEMATIC APPROACH TO 
THE DOG OR CAT WITH 
CARDIAC DISEASE 


Signalment 


Age, breed, and sex of the patient help formulate a 
rule-out list and help determine prognosis. 


History 


Note current and pre-existing diseases. Record cur- 
rent drugs or medications and clinical response to 
these medicaments. Record presenting clinical signs 
and duration and progression of the illness. 


Physical Examination 


In addition to a complete physical examination, per- 
form a thorough cardiovascular examination, includ- 
ing all of the following: 


e Auscultation, noting heart rate and presence or 
absence of the following: 


1, Heart murmur (point of maximum intensity, radi- 
ation, loudness, timing, character) 

2. Gallop sound (rhythm) 

3. Other abnormal heart sounds (e.g., splitting of 
Sı or Sg, clicks, rubs) 

4. Arrhythmias 

5. Abnormal lung sounds 
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Femoral pulse palpation (character, rate, rhythm, 
pulse deficits) 

Capillary refill time and mucous membrane color 
evaluation 


Jugular vein observation for distention or pulsation 


Precordial palpation for apical impulse, presence of 
thrills 

Thoracic percussion 

Abdominal palpation to assess organomegaly and 
detect ascites 


Select from the following diagnostic tests, as 


indicated on a case-by-case basis: 


Electrocardiography 


Assess the rate, rhythm, and axis; evaluate the P- 


QRS-T complex morphology. 


Thoracic Radiography 


Evaluate cardiac size and shape for evidence of heart 


disease, cardiomegaly, specific chamber enlargement, 
and pulmonary and systemic vascular changes. Evalu- 
ate for signs of heart failure, such as pulmonary edema 
and pleural effusion. 


Echocardiography 


Assess cardiac structure and function to determine 


the type and severity of the cardiac disease present. 
Look for fluid accumulation. With radiography, look 
for possible noncardiogenic causes of current clinical 
signs. 


Clinical Pathology 


Complete blood count (CBC) 

Serum biochemical profile 

Serum electrolyte concentrations (potassium, 
sodium, chloride, calcium) 

Urinalysis 

Acid-base status (blood pH, Pcoe, bicarbonate) 
Blood gases (arterial and venous oxygen tensions) 
Serum thyroxine concentration 

Cytologic evaluation of effusions 

Heartworm antigen serology, microfilaria detection 
Other tests when appropriate (blood culture, feline 
leukemia virus tests, feline immunodeficiency [FIV] 
serology, plasma and whole blood taurine 
concentration, plasma carnitine concentration, 
plasma lactate concentration) 


CLINICAL FINDINGS IN HEART 
DISEASE AND HEART FAILURE 


1. Client Complaints 


° 


Dyspnea, orthopnea (pulmonary edema, pleural 
effusion) 

Cough (pulmonary edema, compression of a 
bronchus by the left atrium) 

Tachypnea (pulmonary edema, pleural effusion) 
Exercise intolerance (low cardiac output, 
pulmonary edema) 

Abdominal distention (ascites) 

Weakness (low cardiac output) 

Syncope (episodic cessation of cerebral blood flow) 
Weight loss 

Anorexia 

Depression 


° 


2. Physical Examination (General) 


e Respiratory signs, such as tachypnea, dyspnea 

e Ascites 

+ Distended and possibly pulsating jugular veins 

+ Abnormal femoral pulses (hypokinetic, 
hyperkinetic) 

e Precordial thrills 

e Palpable rhythm irregularities 

+ Hepatosplenomegaly 

e Pale mucous membranes 

* Prolonged capillary refill time (> 2 sec) 


3. Auscultation 


Murmurs 

Rate and rhythm irregularities 

Abnormal intensity of heart sounds 

Gallop sounds 

Crackles and wheezes (most commonly due to 
chronic bronchial disease) 

Muffled heart or lung sounds 


° 


4. Radiography 


Cardiomegaly (generalized or specific chambers) 
Aortic root or main pulmonary artery bulges 
Pulmonary edema 

Pleural effusion 

Bronchial compression from atrial enlargement 
Pulmonary vascular patterns; for example, 
pulmonary venous congestion, pulmonary arterial 
enlargement, pulmonary arterial blunting 

Lung lobe collapse or torsion 

Pulmonary infiltrates, such as inflammatory 
infiltrates, metastatic lesions 


5. Electrocardiography 


* Increased or decreased heart rate 

* Abnormal cardiac rhythm 

¢ Abnormal mean electrical axis 

* Morphologic abnormalities of P wave or QRS 
complex 

+ ST segment or T-wave changes 


6. Echocardiography 


e Anatomic cardiac lesion, such as atrial or 
ventricular septal defect, atrial enlargement, intra- 
or extracardiac tumors or thrombi, valvular lesions 
Cardiac hypertrophy patterns: Eccentric 
hypertrophy—volume overload ventricular 
hypertrophy (commonly termed dilation). Concentric 
hypertrophy—pressure overload ventricular 
hypertrophy (thickened ventricular myocardium) 

e Abnormal ventricular movement: hypo- or 
hyperkinetic wall motion 

Pericardial or pleural fluid accumulation 


7. Clinical Pathology 


e Low venous oxygen tension 

e Low arterial oxygen tension 

Increased blood lactate concentration 

e Prerenal azotemia resulting from severe 
hypoperfusion or inadequate water intake 
secondary to malaise 

e Mild elevation of liver enzymes 

e Hypoproteinemia (congestive right heart failure) 

+ Elevated serum thyroxine concentration (cats) 

* Low plasma or whole blood taurine concentration 
(cats, some canine breeds) 

e Low plasma carnitine concentration (some dogs) 

Electrolyte abnormalities 

Positive heartworm test 

* Positive blood culture seen with endocarditis 


DEFINITIVE DIAGNOSTIC 
CRITERIA FOR HEART FAILURE 


1. An elevated pulmonary capillary wedge pressure 
(PCWP), measured with a Swan-Ganz or other end- 
hole cardiac catheter in a patient with left heart 
disease, is diagnostic for congestive left heart fail- 
ure. An increased central venous or right atrial 
pressure in a patient with right heart disease is 
diagnostic for congestive right heart failure. 

2. Pulmonary edema in a patient with moderate to 
severe left atrial enlargement is diagnostic for con- 
gestive left heart failure. 

3. Pulmonary edema in a patient with confirmed 
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acute mitral regurgitation or aortic regurgitation is 
diagnostic for acute congestive left heart failure. 

4. Ascites, and rarely peripheral edema, in a patient 
with enlarged hepatic veins on ultrasound or obvi- 
ously distended jugular veins is diagnostic for con- 
gestive right heart failure. 

5. Ascites, and rarely clinically significant peripheral 
edema, in a patient with moderate to severe right 
atrial enlargement is diagnostic for congestive right 
heart failure. 

6. Ascites, and less commonly peripheral edema, in 
a patient with pericardial disease is diagnostic for 
congestive right heart failure. 

7. Pleural effusion in a patient with right or left heart 
disease is diagnostic for congestive right or left 
heart failure. Cardiogenic pleural effusion in cats 
may be pseudochylous or truly chylous and respond 
to therapy for congestive heart failure. 

8. Low cardiac output or cardiac index in a patient 
with heart disease is diagnostic for low-output 
heart failure. 

9. Increased blood lactate or low venous oxygen ten- 
sion at rest or with mild exercise in a patient with 
congestive heart failure or severe cardiac disease is 
diagnostic for low-output heart failure. 


NOTE: NONCARDIOGENIC ascites, pleural effu- 
sion, pulmonary edema, or peripheral edema can be 
found in patients that do not have heart failure. In 
these patients, PCWP and central venous pressure 
(CVP) will be normal and other diagnoses should be 
pursued. 


CARDIOVASCULAR DISEASES 
THAT COMMONLY LEAD TO 
HEART FAILURE 


The most common acquired heart diseases in dogs 
and cats that lead to heart failure are as follows: 


e Chronic, acquired degeneration of the 
atrioventricular valves (common in dogs; rare in 
cats) 

Cardiomyopathy 


1. Dilated cardiomyopathy (common in dogs; rare 
in cats) 

2. Hypertrophic cardiomyopathy (common in cats; 
rare in dogs) 

3. Unclassified cardiomyopathies (cats) 

4, Restrictive cardiomyopathy (cats) 


e Dirofilariasis and other causes of cor pulmonale 
{common in dogs; uncommon in cats) 

e Pericardial disease or effusion (common in dogs, 
rarely clinically significant in cats) 
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Rhythm and conduction abnormalities (dogs and 
cats) 

e Hyperthyroid heart disease (cats) 

e Hypertensive heart disease (dogs and cats) 

* Bacterial endocarditis (dogs and cats) 

e Cardiac tumors (common in dogs; rare in cats) 


CHRONIC ACQUIRED 
DEGENERATIVE VALVULAR 
DISEASE 


Definition 


Chronic acquired degenerative valvular disease, 
sometimes called endocardiosis, is an idiopathic de- 
generative disease of the atrioventricular (AV) valves 
that leads to valvular insufficiency. 

It is a common cause of cardiac disease in the dog, 
characterized by nodular thickening of the edges of 
the atrioventricular valves. (Blood DC, Studdert VP: 
Bailliere’s Comprehensive Veterinary Dictionary, 2nd 
ed. A Bailliére Tindall book. Philadelphia, WB Saun- 
ders, 1998.) 


Pathology 


The mitral and tricuspid valves are most commonly 
affected. A spectrum of AV valve lesions may be ob- 
served; however, the most common change is a short- 
ening and thickening of the valves, leading to incom- 
petency. Chordae tendineae often shorten, become 
thick and nodular, and may rupture. Histologic 
changes in the valve and chordae tendineae include 
proliferation of the spongiosa layer secondary to infil- 
tration and increased deposition of an extracellular 
matrix material called glycosaminoglycans. 

Pathologic consequences of chronic AV valve insuf- 
ficiency include dilation and hypertrophy (volume 
overload hypertrophy) of the atria and ventricles, en- 
docardial fibrosis of the atrium (jet lesions), and occa- 
sionally a full thickness left atrial tear. 


Pathophysiology 


The AV lesions result in an orifice where the valve 
leaflets would have normally met. The orifice permits 
regurgitation of blood from the ventricle into the 
atrium during ventricular contraction. For any given 
size of defect, the magnitude of blood regurgitating 
back across the mitral valve is greater than across the 
tricuspid valve because the left ventricle develops 
much greater force than the right ventricle does. Con- 
sequently, left heart failure resulting from mitral regur- 


gitation is much more common than right heart failure 
resulting from tricuspid regurgitation. 

The valvular leak initially leads to a decreased 
amount of blood pushed forward into the aorta. At 
this stage, the reduced cardiac output is clinically significant 
only because of the compensatory mechanisms that it initiates, 
not because it is of sufficient magnitude to cause clinical 
signs in most patients. The kidneys sense the decrease in 
systemic blood flow and retain sodium and water to 
increase blood volume in compensation. This increases 
venous return to the heart, which initially “stretches” 
the myocardium in the affected ventricle. The affected 
ventricle responds to this stretch by growing larger to 
increase the end-diastolic volume. As a result of this 
eccentric (volume overload) hypertrophy, the ventricle is 
able to pump a greater quantity of blood to compen- 
sate for blood lost through the valvular leak without a 
significant increase in the end-diastolic pressure within 
the ventricle, atria, pulmonary veins, or capillaries. 

Typically, this condition worsens over time, with the 
ventricle growing larger as the mitral orifice enlarges 
and regurgitation worsens. The left atrium dilates to 
accommodate the increased amount of incoming sys- 
tolic blood flow. Compensatory mechanisms maintain 
adequate forward blood flow without increasing left 
atrial (and therefore pulmonary capillary) pressure 
beyond that which can be compensated for by en- 
hanced pulmonary lymphatic drainage, until the leak 
becomes severe and left atrial pressure increases to the 
point that pulmonary edema results. 

Clinical consequences of advanced mitral valve insuf- 
ficiency include elevated pulmonary venous pressure, 
pulmonary edema, left atrial enlargement with bron- 
chial compression, supraventricular arrhythmias such 
as atrial premature contractions and atrial fibrillation, 
and, late in the course of the disease, ventricular myo- 
cardial dysfunction. The most common clinical signs 
associated with severe mitral regurgitation include ex- 
ercise intolerance, coughing, and respiratory distress 
(dyspnea). 

Because normal right ventricular systolic pressure is 
low (<30 mmHg), regurgitant flow across all but the 
most severe tricuspid valve lesions is not very large in 
magnitude, and congestive heart failure secondary to 
acquired, isolated, tricuspid regurgitation is less com- 
mon. Consequences of tricuspid regurgitation are usu- 
ally related to elevated systemic venous pressures, with 
hepatomegaly, ascites, and rarely subcutaneous edema. 
In many patients in which signs of right heart failure 
are identified, pulmonary hypertension is also present. 
Biventricular heart failure may manifest as pleural effu- 
sion. 

Syncope can occur in advanced valvular heart dis- 
ease and may be related to paroxysmal arrhythmias or 
vigorous coughing with reduced venous return. Syn- 
cope may occur in patients with no other clinical signs 
of heart failure. 


Signalment 


Degenerative AV valve disease affects a broad range 
of breeds and ages; however, this disease is most com- 
mon in middle-aged or older small breed dogs. 

For the forgoing reasons, clinical signs are more 
common in acquired left AV valve disease; therefore, 
the following discussion describes left AV valve myxo- 
matous degeneration. Extrapolation to right AV valve 
myxomatous degeneration is straightforward. 


Suggestive Diagnostic Findings 


1. A systolic murmur over the left cardiac apex in a 
mature dog 

2. Radiographic, echocardiographic, or electrocardio- 
graphic (ECG) evidence of left heart enlargement 

3. Radiographic evidence of pulmonary venous disten- 
tion or pulmonary edema 


Definitive Diagnostic Criteria 


1. Evidence of left ventricular volume overload hyper- 
trophy and left atrial enlargement, thickened mitral 
valve leaflets, and normal to increased shortening 
fraction on an echocardiogram in conjunction with 
a typical left apical systolic murmur 

2. Presence of a regurgitant jet across the mitral valve 
on spectral or color flow Doppler, in conjunction 
with criteria in #1 

3. Regurgitation of radiopaque dye into the left atrium 
after dye injection into the left ventricle at the 
time of cardiac catheterization, in conjunction with 
criteria in #1 


Differential Diagnoses 


1. Previously unrecognized congenital malformation 
of the atrioventricular valve apparatus—e.g., mitral 
valve dysplasia—results in similar pathophysiology 
and clinical signs. 

2. Bacterial endocarditis of the left AV valve—results 
in similar pathophysiology and clinical signs. 

3. Dilated cardiomyopathy—may have similar clinical, 
electrocardiographic, and radiographic appear- 
ance. 

4. Primary respiratory diseases, especially tracheal col- 
lapse, chronic bronchitis, and pulmonary fibrosis— 
may manifest with cough and exercise intolerance. 

5. Neurologic and metabolic disorders—may result in 
episodes similar to syncope seen in some dogs with 
mitral insufficiency. 
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A. THE ASYMPTOMATIC PATIENT 


History 


No visible clinical signs of heart disease are present. 


Physical Examination 


Detection of a cardiac murmur during a routine 
examination is usually the first clue that valvular de- 
generation has begun. Cardiac findings are typically 
restricted to auscultation, which reveals a systolic mur- 
mur heard best over the left cardiac apex with mitral 
regurgitation or the tricuspid valve region with tricus- 
pid regurgitation. Typically, the murmur is softer in 
the early stages of valve incompetency. It is common 
for the murmur to become louder and pansystolic as 
valvular regurgitation progresses. Although loud holo- 
systolic and pansystolic murmurs are typical of more 
advanced disease, the severity of mitral regurgitation 
cannot be reliably predicted by auscultation alone. 


Radiography 


The thoracic radiograph during this stage may be 
normal or may show mild to moderate left atrial and 
left ventricular enlargement. Thoracic radiography is 
particularly valuable in following the progression of 
valvular incompetency and the cardiomegaly that de- 
velops with more advanced disease. 


Electrocardiography 


The EGG is usually normal in this stage, although P- 
wave abnormalities may occur, and evidence of left 
ventricular enlargement may become apparent if the 
disease has progressed to the moderate stage. 


Echocardiography 


The echocardiogram reveals no to moderate left 
atrial and left ventricular enlargement, depending on 
the severity of the disease. The mitral valve leaflets may 
appear thickened. 


Therapeutic Recommendations (See Appendices 
B and C for specific medicaments and dosage 
recommendations) 


In the absence of cardiac enlargement, there is no 
evidence that any therapy is indicated or beneficial. 

Some Council members believe that in the presence 
of moderate to severe cardiomegaly, angiotensin con- 
verting enzyme (ACE) inhibitor therapy may be bene- 
ficial. Evidence is currently lacking in dogs. The Coun- 
cil will continue to review this issue as new data 
become available. 
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B. MILD TO MODERATE HEART 
FAILURE 


Signs of heart failure are evident to the client and 
may be visible on presentation, 


History 


Client complaints generally include reports of epi- 
sodic cough, exercise intolerance, lethargy, difficult 
breathing, tachypnea, and nocturnal restlessness. 


Physical Examination 


The dog may appear normal, particularly in the 
mildest phases of congestive heart failure. This is par- 
ticularly true if coughing is caused by left main stem 
bronchial compression (not a sign of heart failure) 
and not by overt pulmonary edema. A systolic cardiac 
murmur is always present, usually loudest over the 
left apex. In many cases palpable precordial thrills 
associated with mitral and/or tricuspid regurgitation 
are evident. The cardiac rhythm may be regular or 
irregular. Isolated atrial premature complexes are com- 
mon. More advanced arrhythmias may be anticipated 
in some dogs. The arterial pulse may be normal or 
brisk. Irregularities of the pulse are expected with 
cardiac arrhythinias. Congestive left heart failure is 
evident as exercise intolerance, tachypnea, and possi- 
ble inspiratory and early expiratory crackles. (Caution: 
absence of these sounds does not rule out pulmonary 
edema, and presence of pulmonary crackles is more 
commonly identified in older dogs with primary lung 
disease.) A wheeze may be detected in dogs with com- 
pression of the left main stem bronchus by the left 
atrium. When tricuspid regurgitation is prominent, he- 
patomegaly and ascitic fluid accumulation may be 
noted. 


Radiography 


Cardiomegaly, which is usually left sided, is evident. 
Dorsal deviation of the trachea in dogs that are not 
flat chested and elevation and compression of the left 
main stem bronchus are common findings. Presence 
of left atrial and left auricular appendage enlargement 
is expected on both dorsoventral and lateral thoracic 
radiographs. Pulmonary edema is characterized most 
frequently by increased perihilar and caudodorsal lung 
densities. 


Electrocardiography 


The ECG rate and rhythm may be normal. Atrial 
premature complexes may be observed with progres- 
sive atrial distention. Ventricular extrasystoles may be 


observed but are less common than in dogs with di- 
lated cardiomyopathy. Changes in the P waves are com- 
mon and include widened P waves (“P mitrale”) and 
increased amplitude P waves (“P pulmonale”). The 
frontal mean electrical axis is typically normal, but 
increased amplitude R waves are sometimes observed 
in leads II and a VF. 


Echocardiography 


Typical echocardiographic changes include moder- 
ate to severe left atrial enlargement, left ventricular 
volume overload (eccentric hypertrophy), and a hyper- 
dynamic left ventricular motion (shortening fraction 
exceeding 40% and commonly >50%). Myocardial 
function is usually normal at this stage as evidenced by 
a normal end-systolic diameter. The increased shorten- 
ing fraction is the result of the increase in end-diastolic 
diameter with a normal end-systolic diameter. Exuber- 
ant mitral valve excursion and thickening of the mitral 
valve leaflets are typical findings. Progressive mitral 
regurgitation is associated with increasing cardiac di- 
mensions and left ventricular shortening fraction. 
Doppler echocardiography (spectral or color flow) 
may be used to document the presence of mitral regur- 
gitation and may be useful in estimating the severity 
of the regurgitation. 


Therapeutic Recommendations (See Appendices 
B and C for specific medicaments and dosage 
recommendations) 


Diuretic 

. ACE inhibitor 

Sodium-restricted diet, if tolerated by the patient 
Digitalis glycoside: The Council could not reach a 
consensus regarding digitalis therapy for this class 
of canine patient. 


Boo ho 


C. ADVANCED HEART FAILURE 


Clinical findings such as dyspnea at rest, markedly 
diminished exercise tolerance, alveolar pulmonary 
edema, cachexia, or obvious ascites are seen in patients 
with advanced congestive heart failure. Pallor of the 
mucous membranes secondary to low cardiac output 
and pronounced vasoconstriction may occur, although 
normal mucous membrane color and refill time do 
not rule out forward heart failure or systemic hypoper- 
fusion. 


History 


Client complaints generally include reports of fre- 
quent cough, exercise intolerance, lethargy, difficult 


breathing, tachypnea, and nocturnal restlessness. Own- 
ers may also report syncope. 


Physical Examination 


Unless heart failure results from a peracute incident, 
such as a chordal rupture, many dogs with advanced 
heart failure are in poor body condition and have 
experienced weight loss. Respiratory distress and tach- 
ypnea are typical clinical findings. In biventricular fail- 
ure or right heart failure, the patient may have ascites. 
Systolic murmurs, as previously described, are present. 
The arterial pulse may be weak or normal and may be 
irregular because of premature depolarizations or 
atrial fibrillation. Dogs with respiratory distress may 
have crackles secondary to pulmonary edema but of- 
ten have only increased bronchovesicular sounds sec- 
ondary to hyperpnea. In advanced cases of right heart 
failure, there will be considerable ascites as well as 
hepatomegaly. Jugular venous pressure is often ele- 
vated, and jugular pulsations may be evident. Arrhyth- 
mias are very common in this phase, and atrial fibrilla- 
tion is a frequent cause of deterioration in class from 
moderate to severe heart failure. 

Note: Older small breed dogs are seen commonly 
with pulmonary crackles and a murmur of mitral re- 
gurgitation. Many of these dogs have primary respira- 
tory disease rather than heart failure, and the finding 
of a heart murmur is incidental. 


Radiography 


In addition to radiographic abnormalities previously 
mentioned, alveolar infiltrates typical of cardiogenic 
pulmonary edema will be observed. These infiltrates 
are usually most evident in the hilar region but may 
be diffuse. Infiltrates are asymmetrical in some dogs, 
with the right side more dense than the left side. 
Cardiomegaly may be extreme and may mimic pericar- 
dial effusion in some dogs, although usually the mark- 
edly enlarged left atrium can be identified. Abdominal 
radiographs demonstrate hepatomegaly and may show 
fluid accumulation if right heart failure is also present. 


Electrocardiography 


In addition to the abnormalities mentioned in the 
previous section, cardiac arrhythmias are quite com- 
mon. Atrial fibrillation is probably the most frequently 
encountered sustained cardiac arrhythmia. Ventricular 
tachyarrhythmias may also be observed. 


Echocardiography 


The mitral valve leaflets usually are markedly thick- 
ened, and there may be evidence of mitral valve pro- 
lapse or flail, which is evidence of chordae tendineae 
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rupture. Severe left atrial and left ventricular enlarge- 
ments are present at this stage. Global left ventricular 
function (shortening fraction) is usually well pre- 
served, although myocardial contractility may actually 
be decreased in some dogs, especially large breed 
dogs, at this stage. In severe mitral regurgitation, de- 
creased myocardial function is characterized by a nor- 
mal or below normal shortening fraction, increased 
separation between the mitral valve opening point (E 
point) and ventricular septum, and an increased end- 
systolic diameter. 

The increase in end-systolic diameter denotes the 
decrease in myocardial function seen in late stage mi- 
tral regurgitation, and the increase in end-diastolic 
diameter usually keeps the shortening fraction in the 
normal range or above. 


Therapeutic Recommendations 


THERAPY FOR ADVANCED HEART FAILURE—HOME CARE POSSI- 
BLE (See Appendices B and C for specific medicaments 
and dosage recommendations) 


1. Furosemide 

2. ACE inhibitor —, 
3. Digitalis glycoside 
4 

5 


. Hydralazine titration* 
. Addition of another class of diuretic 


Possible use of the following: 


. Sodium restriction, if the dog will accept it 
. Antiarrhythmic therapy, if needed 

. Nitrates 

. Theophylline 

. Codeine or other cough suppressants 
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THERAPY FOR ADVANCED HEART FAILURE—HOSPITALIZATION 
MANDATORY FOR STABILIZATION (See Appendices B and 
C for specific medicaments and dosage recommenda- 
tions) 


1. Oxygen therapy 

2. Intravenous furosemide or another loop diuretic* 

3. Preload reduction with topical nitroglycerine or 
nitroprusside (blood pressure must be monitored 
if nitroprusside is used) 

4. Afterload reduction with hydralazine or sodium 
nitroprusside to reduce mitral regurgitant frac- 
tiont 


*In the presence of left main stem bronchial compression, refrac- 
tory or progressive left-sided heart failure, or insufficient response 
to ACE inhibitor therapy, the addition of hydralazine should be 
considered. If added onto ACE inhibitor therapy, care must be taken 
not to induce profound hypotension. The drug should generally be 
titrated using blood pressure (systolic or mean) as the monitoring 
tool. A board-certified cardiac specialist should be consulted. 

+Most effective at reducing life-threatening pulmonary edema. 
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. Amrinone or milrinone infusion 

. Dobutamine 

Morphine 

. Theophylline 

. Antiarrhythmic therapy (if needed) 
. Pleurocentesis (if needed) * 


D OOND 


— 


If ascitic fluid accumulation or pulmonary edema is 
refractory to therapy with one diuretic, a second di- 
uretic can be added. Examples include hydrochlorothi- 
azide or a combination of hydrochlorothiazide plus 
spironolactone. Also, the addition of hydralazine 
should be considered as outlined earlier in refractory 
left heart failure. 


CANINE DILATED 
CARDIOMYOPATHY 


Definition and Etiology 


Dilated cardiomyopathy (DCM) is a condition in 
which myocardial disease results in decreased myocar- 
dial contractility (primary myocardial failure). Volume 
overload hypertrophy of one or both ventricles occurs 
to compensate for the myocardial failure. 

Most cases of cardiomyopathy in dogs are idiopathic; 
however, a variety of definable conditions may lead to 
myocardial failure and produce clinical signs indistin- 
guishable from idiopathic DCM.. The likely site of the 
disease is subcellular, and in some cases dilated cardio- 
myopathy is reversible upon supplementation of a de- 
ficient nutrient. American cocker spaniels with DCM 
are taurine and possibly carnitine deficient and usually 
respond to supplementation. Other dogs with DCM 
belonging to breeds in which DCM is not prevalent 
may be similarly affected. Some large breed dogs are 
carnitine deficient and responsive to supplementation; 
this has been reported in a family of boxer dogs. 


Pathology 


Global volume overload hypertrophy of all four car- 
diac chambers is common and characterized by a 
marked increase in heart weight and chamber enlarge- 
ment with wall thickness that is normal to thinner than 
normal. Endomyocardial fibrosis may be present, as 
well as dilation of the atrioventricular (AV) valve an- 
nuli. The AV valves are generally normal or show mini- 
mal degenerative change. 

Histologic manifestations of idiopathic DCM include 
attenuated, thinned myocytes that appear “wavy”? and 
separated. Myocardial degeneration, cytoplasmic vac- 
uolization, necrosis, and fibrosis are usually seen, but 


*Most effective at reducing life-threatening pleural effusion. 


the most remarkable finding usually is the vast amount 
of relatively normal appearing myocardium. Except 
in rare cases of myocarditis (e.g., Chagas’ disease), 
inflammatory cells are sparse or absent. 


Pathophysiology 


Dilated cardiomyopathy occurs when a primary dis- 
ease of the myocardium results in a decrease in myo- 
cardial contractility and causes idiopathic primary 
myocardial failure. This disease progresses insidiously 
over a number of years. In the early and middle stages 
of the disease, the dog appears normal, and the disease 
can usually only be identified by echocardiographic 
examination. 

As a consequence of depressed myocardial contrac- 
tility, end-systolic diameter and volume initially in- 
crease. The chamber eccentrically hypertrophies sec- 
ondary to renal salt and water retention to increase 
end-diastolic diameter and volume. This allows the 
heart to compensate for the depression in contractility 
and to maintain a normal stroke volume at a normal 
end-diastolic intraventricular pressure. As the disease 
progresses, myocardial contractility is further de- 
pressed, and the heart grows larger. 

At the end-stage of the disease, the ability of the 
heart to hypertrophy further becomes limited. The 
kidneys retain more sodium and water, and blood vol- 
ume continues to increase without further chamber 
enlargement, resulting in increased ventricular dia- 
stolic pressure. This increase in diastolic pressure backs 
up into the atrium, veins, and capillary bed behind 
the affected ventricle, causing edema. When the ven- 
tricular size is increased, AV valvular regurgitation 
commonly occurs and further aggravates the increase 
in atrial, venous, and capillary pressures, although the 
amount of regurgitation is usually mild. Cardiac output 
may also become inadequate at this stage, resulting in 
clinical signs of hypoperfusion. Tachyarrhythmias, 
such as atrial fibrillation, may result in worsened hemo- 
dynamics and may promote further myocardial deteri- 
oration. 


Signalment 


Affected dogs are predominantly male, middle-aged 
to geriatric, and large or giant breeds, such as Dober- 
man pinschers, Great Danes, Irish wolfhounds, and St. 
Bernards. Spaniels are a notable exception, as springer 
spaniels and cocker spaniels are sometimes affected 
with this disease. A wide range of age groups may be 
affected, including dogs as young as 6 months of age 
or older than 10 years of age. 


Diagnostic Criteria for Dilated Cardiomyopathy 


The echocardiogram is the gold standard for diagno- 
sis of dilated cardiomyopathy. Ventricular chamber en- 


largement with decreased ventricular shortening frac- 

tion is the feature most characteristic of this disorder. 
A presumptive diagnosis of dilated cardiomyopathy 

can usually be made under the following conditions: 


1. Identification of a predisposed breed (dilated car- 
diomyopathy is unusual in other breeds and mixed 
breeds) 

2. Radiographic evidence of generalized cardiomegaly 

Auscultation of a gallop sound (rhythm) 

4. Demonstration of objective signs of congestive heart 
failure on physical examination and radiography 

5. Evidence of cardiac arrhythmias: atrial fibrillation 
and ventricular tachyarrhythmias are most charac- 
teristic 


oe 


In some breeds, ventricular tachyarrhythmias may pre- 
cede echocardiographically recognizable reduction in 
myocardial function. 


Differential Diagnoses 


l. Previously unrecognized congenital heart disease, 
especially patent ductus arteriosus and mitral valve 
dysplasia* 

2. Mitral regurgitation caused by degenerative valve 

disease in a large-breed dog* 

Pericardial disease 

Bacterial endocarditis 

Primary cardiac arrhythmia 

Severe endocrine deficiency, such as hypothyroid- 

ism, Addison’s disease 

7. Neurologic disease in the patient with syncope 


& or re oe 


A. THE ASYMPTOMATIC PATIENT 


History 


No visible clinical signs of disease are present. 


Physical Examination 


Serendipitous detection of a systolic heart murmur, 
which is usually soft, an audible third heart sound 
(gallop sound), or an arrhythmia should prompt con- 
sideration of occult cardiomyopathy. The detection of 
cardiomegaly during routine thoracic radiography or 
during evaluation of another condition may be an 
early clue to the presence of myocardial disease. Occa- 
sionally an affected dog is identified via echocardio- 
graphic screening. 


*These differential diagnoses are most common and are often 
difficult to differentiate from DCM in later stages when myocardial 
failure may be a prominent component. 
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Radiography 


The thoracic radiograph may be normal, or general- 
ized mild to moderate cardiomegaly, most commonly 
left-sided, may be evident. Pulmonary venous disten- 
tion may indicate incipient heart failure. 


Electrocardiography 


The ECG may be normal or demonstrate left heart 
enlargement, a ventricular conduction abnormality, or 
isolated atrial or ventricular premature complexes. 


Echocardiography 


End-systolic diameter is always increased because of 
the decrease in myocardial contractility. End-dastolic 
diameter is usually increased to compensate for the 
myocardial failure. When echocardiographic evidence 
of myocardial failure is present in the absence of clini- 
cal signs, the cardiac chambers are usually at or slightly 
above the upper limits of normal for end-diastolic 
diameter, and left ventricular shortening fraction (SF) 
is decreased to between 15% and 25% because of the 
increase in end-systolic diameter. However, a SF <15% 
is occasionally observed in asymptomatic patients. 


Therapeutic Recommendations (See Appendices 
B and C for specific medicaments and dosage 
recommendations) 


The Council could not reach a consensus regarding 
recommendations for treating asymptomatic canine 
patients with dilated cardiomyopathy. 

Some members believe therapeutic intervention is 
appropriate at this stage. Others decline to recom- 
mend therapy at this point. Those Council members 
in favor of pharmacologic intervention in echocardio- 
graphically confirmed cases of dilated cardiomyopathy 
suggest one or both of the following medicaments: 
ACE inhibitors, digitalis. 

Note: L-Carnitine and taurine can be supplemented 
if a deficiency is clearly documented. The benefits of 
supplementation of both nutrients have been demon- 
strated in American cocker spaniels with the disease. 


B. MILD TO MODERATE HEART 
FAILURE 


History 


Signs of heart failure have become evident to the 
client at this stage and are often visible at the time 
of presentation. Common historical findings include 
dyspnea, cough, weight loss, exercise intolerance, leth- 
argy, and depression. The onset of congestive left heart 
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failure is heralded by tachypnea and respiratory dis- 
tress. Affected dogs may exhibit a mild or intermittent 
cough. Dogs with right heart failure commonly have as- 
cites. 


Physical Examination 


Some dogs with mild to moderate heart failure re- 
sulting from dilated cardiomyopathy demonstrate sig- 
nificant weight loss. Careful auscultation usually indi- 
cates the presence of a gallop sound (rhythm) or a left 
apical systolic murmur. Cardiac rhythm abnormalities 
may be evident on auscultation and palpation of the 
femoral pulse. The arterial pulse is normal to hypoki- 
netic. Jugular venous pressure is usually normal in 
mild heart failure but may become elevated with pro- 
gression of disease. Congestive left heart failure is typi- 
cal and is characterized on physical examination by an 
increased respiratory rate. End-inspiratory crackles are 
sometimes identified. Early signs of right heart failure 
include elevated jugular venous pressure, hepatomeg- 
aly, and mild ascites. 


Radiography 


Typical findings are left-sided or generalized cardio- 
megaly with left atrial enlargement, pulmonary venous 
distention, and increased pulmonary densities typical 
of pulmonary edema. A small pleural effusion may 
be evident. Hepatomegaly is a common finding on 
abdominal radiography. ` 


Electrocardiography 


Cardiac rhythm disturbances are common and in- 
clude atrial premature complexes, ventricular prema- 
ture complexes, paroxysmal ventricular tachycardia, 
and more sustained tachyarrhythmias. Atrial fibrilla- 
tion may be evident in some dogs; in dogs with myocar- 
dial failure, the onset of atrial fibrillation commonly 
contributes to progression to more advanced stages of 
congestive heart failure. P waves may be widened, and 
alterations in the QRS morphology are expected. 
Other ECG changes may include increased amplitude 
R waves, widened QRS complexes, and slurring of the 
R wave descent. Nonspecific ST-segment and T-wave 
changes are also commonplace. 


Echocardiography 


Characteristic features are a marked increase in end- 
systolic diameter, with secondary left ventricular eccen- 
tric (volume overload) hypertrophy and moderately 
increased end-diastolic diameter, resulting in left ven- 
tricular hypokinesis (SF usually <15%), increased sep- 
aration between the ventricular septum and the initial 
opening (E point) of the septal mitral leaflet, and 


varying degrees of regional left ventricular wall dys- 
function. Variable and chaotic contraction of the ven- 
tricular walls is typical in patients with atrial fibrillation. 
Color flow Doppler echocardiography usually reveals a 
small mitral regurgitant jet. Ultrasound of the liver in 
patients with right heart failure demonstrates enlarged 
hepatic veins. 


Therapeutic Recommendations (See Appendices 
B and C for specific medicaments and dosage 
recommendations) 


Digitalis glycoside 

Diuretic 

ACE inhibitor 

Antiarrhythmic therapy when indicated: digoxin, 

beta-blocker, diltiazem for atrial fibrillation; ventric- 

ular antiarrhythmic drugs for ventricular arrhyth- 

mias 

5. Dietary sodium restriction, if tolerated 

6. L-Carnitine or taurine may be supplemented when 
appropriately based on suitable laboratory tests. 
Both should be administered to American cocker 
spaniels with DCM 

7. Low-dose beta-blocker* 
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C. ADVANCED HEART FAILURE 


History 


Most canine patients with DCM present with ad- 
vanced heart failure. Disease onset often appears acute 
to the owner even though the disease has been prog- 
ressing for years. Clinical findings such as dyspnea 
at rest, markedly diminished exercise tolerance, or 
abdominal distention are reported in patients with 
advanced congestive heart failure. 


Physical Examination 


Dogs with dilated cardiomyopathy in advanced heart 
failure are often cachectic, weak, lethargic, anorectic, 
and dyspneic. Dogs in cardiogenic shock from severe 
hypoperfusion may be moribund. Sinus tachycardia, 
atrial fibrillation, or sinus rhythm with premature ven- 
tricular complexes is usually detected. A gallop sound 
(rhythm) is a consistent finding but may be difficult to 
detect in arrhythmic patients and by untrained person- 
nel. Systolic murmurs of mitral or tricuspid regurgita- 
tion may be heard. The arterial pulse may be hypoki- 


*The Council could not reach a consensus regarding the efficacy 
and advisability of low-dose beta-blocker therapy. Beta-blockers are 
efficacious at improving myocardial function in some humans with 
dilated cardiomyopathy. There are no published studies of beta- 
blocker therapy in dogs with DCM, and pilot studies have not been 
encouraging. 


netic and may be irregular because of a cardiac 
arrhythmia. Jugular venous distention may be de- 
tected. 

Most dogs with advanced heart failure manifest signs 
of left or biventricular heart failure; usually respiratory 
distress and tachypnea resulting from pulmonary 
edema, pleural effusion, or both are evident. 


Radiography 


Cardiomegaly is usually moderate to severe, and the 
heart is usually globally enlarged. Cardiomegaly may 
be difficult to appreciate in some deep-chested dogs, 
especially in Doberman pinschers. Other common ra- 
diographic changes include pulmonary venous disten- 
tion, alveolar lung infiltrates of pulmonary edema, and 
pleural effusion. 


Electrocardiography 


Previously described electrocardiographic abnormal- 
ities are expected. Atrial fibrillation or sinus rhythm 
with paroxysmal ventricular tachycardia is common at 
this stage. 


Echocardiography 


Previously described echocardiographic abnormali- 
ties are present but more severe. Moreover, pleural 
and small pericardial effusions secondary to heart fail- 
ure may be seen. 


Therapeutic Recommendations 


Dilated cardiomyopathy is associated with a higher 
mortality rate than the other diseases that lead to heart 
failure. ACE inhibitors have been shown to prolong 
survival with dilated cardiomyopathy. Beta-blockers 
have been shown to prolong survival in other species 
with dilated cardiomyopathy; however, studies in dogs 
are lacking, and preliminary studies are discouraging. 

Dogs with dilated cardiomyopathy die from heart 
failure or die suddenly, presumably from ventricular 
arrhythmia deteriorating into ventricular fibrillation. 
Effective therapy to prevent sudden death has not 
been elucidated in dogs. Therapy outlined here is 
for heart failure. Ventricular antiarrhythmics can be 
administered but are believed to be ineffective in pre- 
venting sudden death. 

Advanced heart failure is subdivided therapeutically 
into two subclasses: 


THERAPY FOR ADVANCED HEART FAILURE—HOME CARE IS POS- 
SIBLE 

(See Appendices B and C for specific medicaments 
and dosage recommendations) 
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` Digitalis 
Diuretic therapy 
ACE inhibitor 
Dietary sodium restriction, if accepted 
Antiarrhythmic drug therapy, when appropriate, 
to control heart rate in atrial fibrillation (e.g., 
digoxin, diltiazem, beta-blocker) or when required 
to suppress ventricular ectopia (e.g., procain- 
amide, tocainide, etc.) 

6. No consensus was reached regarding the use of 
low-dose beta-blockade therapy in this stage of car- 
diomyopathy. There was a consensus, however, that 
beta-blockade was appropriate if used to control 
ventricular rate response in dogs with atrial fibril 
lation. 

7. Taurine or carnitine supplementation, as de- 

scribed previously 


SE See 


Alternative therapies include the following: 


8. Hydralazine 

9. Nitrates 

10. Bronchodilators, such as theophylline and related 
compounds 


Note: Alternative therapy is generally added in step- 
wise fashion in those dogs for which additional drug 
therapy is warranted because of progressive signs of 
cardiac failure. Hydralazine is particularly likely to be 
helpful when there is concurrent moderate mitral re- 
gurgitation. However, combination vasodilator therapy 
may be associated with clinically significant hypoten- 
sion and impaired renal perfusion. Blood pressure 
monitoring should be available. Consultation with a 
board-certified cardiologist is encouraged. 


THERAPY FOR ADVANCED HEART FAILURE WHEN HOSPITALIZA- 
TION IS MANDATORY 

(See Appendices B and C for specific medicaments 
and dosage recommendations) 


1. Intravenous diuretic (furosemide* or another loop 
diuretic) 

2. Dobutamine* or amrinone infusion 

Oxygen 

4, Preload reduction using nitroglycerine ointment or 
sodium nitroprusside* (arterial blood pressure 
must be monitored during sodium nitroprusside 
therapy). 

5. Morphine 

6. Theophylline may be beneficial but may aggravate 
cardiac arrhythmias 


ge 


THERAPY FOR CARDIAC ARRHYTHMIAS 
Cardiac arrhythmias are of particular concern in 
dogs with dilated cardiomyopathy, and antiarrhythmic 


*These are the most effective drugs for controlling severe pul- 
monary edema. 
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drug therapy should be prescribed when arrhythmias 
are present. 
Atrial arrhythmias, particularly atrial fibrillation: 


1. Digoxin 
2. Beta-blockers 
3. Diltiazem 


Note: Both diltiazem and beta-blockers depress myo- 
cardial contractility at higher dosages. In using these 
drugs to control ventricular rate response, a low initial 
starting dosage should be chosen, namely 0.1 to 0.2 
mg/kg of body weight orally three times a day for 
propranolol and 0.5 mg/kg orally three times a day 
for diltiazem. Incremental doses should be used to 
gradually obtain the desired heart rate effect. 

Ventricular arrhythmias 

Isolated or periodic ventricular extrasystoles: No 
consensus was reached by the Council regarding the 
treatment of these isolated rhythm disturbances; how- 
ever, the use of Holter monitoring or additional con- 
sultation was believed to be worthwhile. 

Sustained ventricular arrhythmias: 


Lidocaine 

Procainamide 

Tocainide 

Mexiletine 

Quinidine 
Beta-adrenergic blockers 
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CANINE HEARTWORM DISEASE 


Definition 


Heartworm disease is the clinical manifestation of 
parasitism by Dirofilaria immitis, a filarial nematode. 
Adult nematodes injure the pulmonary vascular tree 
and the lung, leading to pulmonary artery injury and, 
in severe infections, pulmonary hypertension and pres- 
sure overload on the right ventricle. The heart and 
lung are usually the principal organs injured in ad- 
vanced dirofilariasis. 


Pathology 


The presence of Dirofilaria adults injures the pulmo- 
nary arterial endothelium, resulting in swelling, al- 
tered intracellular junctions, and platelet and leuko- 
cyte activation. These activated cells release factors that 
stimulate collagen formation, intimal thickening and 
proliferation, and medial hypertrophy of the pulmo- 
nary arteries. Intimal smooth muscle cells proliferate 
and migrate toward the surface, producing villus prolif- 
eration from the pulmonary arterial surface. 

Consequent to these changes, the pulmonary arter- 
ies enlarge and narrow. Pulmonary thromboemboli, 


presumably secondary to dead adult worms, and exu- 
berant microvillus formation may produce blockage of 
blood flow through the pulmonary arteries. 

Pulmonary parenchymal reactions also can occur in 
heartworm disease. Sequestration of microfilariae and 
reaction to sequestered microfilariae in the lung pa- 
renchyma can cause pneumonitis. The exact mecha- 
nisms of pulmonary injury are not fully elucidated, but 
pathologic findings include eosinophilic pneumonitis, 
pulmonary fibrosis as well as pulmonary thrombosis, 
and infarction secondary to worm death. 

The severity of heartworm disease is often, but not 
always, related to the parasite burden. Dogs that are 
severely allergic to the parasites commonly have severe 
pulmonary arterial and pulmonary parenchymal dis- 
ease and are commonly amicrofilaremic. In dogs with 
large numbers of adult parasites, retrograde migration 
of worms into the right atrium and tricuspid valve 
apparatus may occur, resulting in caval syndrome. 


Pathophysiology 


The presence of adult heartworms results in the 
aforementioned anatomic changes in affected pulmo- 
nary arteries. Changes include narrowing of the vascu- 
lar lumina and limitation of pulmonary blood flow. 

If pulmonary artery disease is severe, and especially 
if thromboemboli are present, pulmonary vascular re- 
sistance increases, resulting in significant pulmonary 
hypertension. Right heart enlargement (eccentric hy- 
pertrophy) and right heart failure may then ensue. 
Why the heart develops eccentric rather than the ex- 
pected concentric hypertrophy is unresolved. Pulmo- 
nary parenchymal changes, which may lead to alveolar 
hypoxia, add a reversible aspect of vasoconstriction 
that further increases pulmonary vascular resistance. 
Dogs with advanced dirofilariasis show marked exercise 
intolerance and may develop congestive right heart 
failure. 


Signalment 


There are no age or breed predilections for heart- 
worm disease; however, large breed, male dogs are 
more commonly affected, probably because they are 
frequently outdoors. The earliest signs of heartworm 
disease are not likely to be seen before 7 months of 
age because of the life cycle of D. immitis. 


Diagnostic Criteria 


1. Identification of circulating microfilariae of D. immi- 
tis in dogs older than 5 months of age; transplacen- 
tal transfer of microfilariae is considered possible in 
younger dogs. Microfilariae must be differentiated 
from those of Dipetalonema reconditum. 

2. A positive serologic test for adult heartworm anti- 


gen, especially with typical signs or radiographic 
changes of heartworm disease 

3. Clinical signs of exercise intolerance, coughing, or 
congestive right heart failure in conjunction with 
compatible radiographic changes (a heartworm an- 
tigen test is also recomended to verify the diagnosis) 


Differential Diagnoses 


l. Primary respiratory disorders, including infectious, 
parasitic, inflammatory, and neoplastic diseases 

2. Pulmonary neoplasia—primary or metastatic 

3. Other forms of cardiac disease, such as dilated car- 
diomyopathy, tricuspid valve malformation or de- 
generation, congenital heart disease, pericardial dis- 
ease 


A. THE ASYMPTOMATIC PATIENT 


History 


Diagnosis of asymptomatic dirofilariasis is most often 
made by a positive microfilaria test or positive antigen 
test during routine screening for heartworm disease. 


Physical Examination 


Usually no abnormalities are identified on physical 
examination. 


Radiography 


Thoracic radiographs may be normal or may show 
varying degrees of pulmonary artery enlargement, 
blunting, and tortuosity; and right heart enlargement. 


Electrocardiography 


The electrocardiogram is usually normal at this 
stage. 


Echocardiography 


The echocardiogram is usually normal at this stage, 
although mild right heart enlargement and main pul- 
monary artery enlargement may be identified. 


Therapeutic Recommendations 


As per the recommendations of the American Heart- 
worm Society (see Appendix A for specific medica- 
ments and dosage recommendations). 
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B. MILD TO ADVANCED HEART FAILURE 


History 


Client complaints usually include exercise intoler- 
ance, possible syncope, and loss of condition. Difficult 
breathing, tachypnea, and coughing are frequent signs 
if there are concurrent pulmonary parenchymal com- 
plications. The opportunity for frequent exposure to 
mosquitoes and a lax preventive program are obvious 
risk factors for development of advanced dirofilariasis. 


Physical Examination 


Clinical signs of advanced heartworm disease can be 
grouped into respiratory signs, cardiovascular signs, 
signs referable to caval syndrome, and signs secondary 
to other disorders occurring as a result of heartworm 
infestation. The last category includes renal disease, 
disseminated intravascular coagulopathy, anemia, and 
dysproteinemia. 

Respiratory signs generally include tachypnea, dys- 
pnea, and coughing. Hemoptysis is seen occasionally 
and is probably related to rupture and hemorrhage of 
bronchial or pulmonary arteries into the lung paren- 
chyma. These signs are the result of heartworm infesta- 
tion, not of heart failure. Cardiovascular signs that are 
related to pulmonary vascular changes and pulmonary 
hypertension include weakness, which is often epi- 
sodic, exercise intolerance, syncope, and clinical signs 
of congestive right heart failure. 

Dogs with advanced heartworm disease usually show 
weight loss and a poor hair coat. Cardiac auscultation 
may demonstrate a normal heart rhythm or occasion- 
ally premature beats or even atrial fibrillation. The 
second heart sound may be normal, louder than nor- 
mal, or split, the latter as a consequence of pulmonary 
hypertension. A systolic murmur of tricuspid regurgita- 
tion may be evident over the right hemithorax. 

The arterial pulse is usually normal but central ve- 
nous pressure is increased when heart failure has oc- 
curred. Jugular vein distention and pulsations are com- 
mon in advanced dirofilariasis. Auscultation of the 
lungs may demonstrate increased bronchial sounds or 
crackles if there is pulmonary parenchymal reaction to 
the parasite or substantial pulmonary thromboembo- 
lism. Clinical signs of congestive right heart failure 
include hepatomegaly and ascites. 


Radiography 


Radiographic changes include right ventricular and 
possibly right atrial enlargement. Increased size of the 
main pulmonary artery commonly occurs. In advanced 
cases, a reversed “D” configuration to the cardiac 
silhouette is evident. Lobar pulmonary arteries be- 
come dilated, tortuous, and blunted, which is known 
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as pruning of the arteries. These changes are typically 
most severe in the caudal lobar arteries. Increased 
lung densities are often evident and may be related to 
noncardiogenic edema, eosinophilic infiltrates, pulmo- 
nary embolism and infarction, or pulmonary fibrosis. 


Electrocardiography 


The ECG is often normal in heartworm disease; 
however, with pulmonary hypertension sufficient to 
cause right heart failure, changes in the P waves and 
QRS complexes may occur. Interestingly, P pulmonale 
(increased P-wave voltage) is relatively uncommon in 
heartworm disease; however, widening of the P wave 
may be an indication of right atrial enlargement or 
conduction delay. An axis deviation to the right, char- 
acterized by prominent S waves in leads I, II, III, aVF, 
and the lower left chest leads, is commonly observed 
in dogs with severe right ventricular enlargement, right 
heart failure, or both. Rhythm disturbances ranging 
from sinus tachycardia to more profound irregulari- 
ties, including right ventricular extrasystoles and atrial 
fibrillation, may be present. 


Echocardiography 


Echocardiography can be used to document enlarge- 
ment of the right ventricle. However, echocardiogra- 
phy is most useful in dogs with caval syndrome, in 
which masses of heartworms can be readily identified 
in the tricuspid valve orifice, or in some dogs with 
occult dirofilariasis, in which adult heartworms may be 
visible in the pulmonary arteries by high quality, two- 
dimensional echocardiograms. Echocardiography may 
attain greater prominence with the use of flexible alli- 
gator forceps to manually remove heartworms from 
the pulmonary arteries. 

Echocardiographic manifestations of advanced 
heartworm disease leading to right heart failure in- 
clude right atrial, right ventricular, and pulmonary 
artery dilation. Flattening and abnormal motion of 
the ventricular septum is typical of right ventricular 
pressure or volume overload. Linear echogenic densi- 
ties compatible with adult heartworms may be evident 
in the main pulmonary artery or occasionally in the 
heart chambers. Left ventricular contractility is typi- 
cally preserved, but the left ventricular luminal dimen- 
sions may be decreased, resulting in decreased short- 
ening fraction. 


Therapeutic Recommendations (See Appendices 
B and C for specific medicaments and dosage 
recommendations) 


1. Diuretic—maintenance therapy with a loop diuretic 
such as furosemide is recommended as initial treat- 


ment for congestive heart failure. The Council rec- 
ommends the administration of a second diuretic, 
such as hydrochlorothiazide or hydrochlorothiazide 
plus spironolactone, or triamterene, in the event of 
refractory ascites. Malabsorption of orally adminis- 
tered diuretics is possible, and parenteral adminis- 
tration of loop diuretics may be more effective in 
some patients. 

2. Cage rest is essential in dogs with heart failure 
caused by dirofilariasis. Benefits of cage rest include 
improved mobilization of edema and possibly in- 
creased patient survival following adulticide admin- 
istration. 

3. Digitalis glycosides—the use of digitalis glycosides is 
controversial in this setting. Some members of the 
Council believe these drugs may be effective and 
safe provided serum digoxin concentration is care- 
fully monitored and conservative dosages are ad- 
ministered initially. 

4. Aspirin—although aspirin is commonly recom- 
mended to reduce pulmonary vascular reaction, no 
consensus was reached by the Council regarding its 
efficacy. Strict attention must be directed to the 
possible development of gastric ulceration when as- 
pirin is prescribed. 

5. Antiarrhythmic—occasionally antiarrhythmic drug 
therapy is required to manage arrhythmias associ- 
ated with heartworm disease. 

6. ACE inhibitor—the benefits of ACE inhibitor ther- 
apy in left-sided and biventricular heart failure have 
been documented, but the benefits in isolated right 
heart failure caused by pulmonary hypertension 
have not been studied. For this reason, the Council 
recommends careful monitoring of any patient re- 
ceiving this form of therapy. 

7. Thiacetarsemide—administration should be at- 
tempted if and when heart failure is stabilized. Suc- 
cessful adulticide therapy may result in significant 
regression of pulmonary hypertension and, conse- 
quently, regression of signs of heart failure. 


FELINE HYPERTROPHIC 
CARDIOMYOPATHY 


Definition 


Feline hypertrophic cardiomyopathy is an idiopathic 
myocardial disorder characterized by primary, and in- 
appropriate, concentric hypertrophy of the left ventri- 
cle. Feline hypertrophic cardiomyopathy is a diagnosis 
of exclusion. Potential causes of secondary left ventric- 
ular concentric hypertrophy in cats include hyperthy- 
roid heart disease, systemic hypertension, acromegaly, 
congenital subaortic stenosis, and congenital aortic ste- 
nosis. 


Pathology 


Left ventricular concentric hypertrophy is the classic 
feature of feline hypertrophic cardiomyopathy. The 
ventricular free wall and/or ventricular septum may 
be hypertrophied. Papillary muscle thickening is com- 
mon. In some cats, the left ventricular outflow tract 
appears narrowed as a consequence of septal hypertro- 
phy adjacent to the septal mitral leaflet. 

Histologically, myocardial hypertrophy is the pri- 
mary abnormality. Disorganization of myocytes is com- 
monly observed. Interstitial and interfibral fibrosis may 
occur. Sclerosis and narrowing of intramural coronary 
arteries is a frequent microscopic feature. The left 
atrium is commonly distended and also hypertrophied, 
and thrombi may be observed in this chamber or 
remote to the heart. A frequent complication is a 
distant thromboembolus, which typically lodges at the 
aortic trifurcation (i.e., a saddle thromboembolus). 


Pathophysiology 


Hypertrophic cardiomyopathy is characterized by di- 
astolic dysfunction of the left ventricle. As a conse- 
quence of many factors, including gross hypertrophy 
of the wall, myocardial fibrosis, and possibly insuffi- 
cient coronary perfusion, the left ventricle becomes 
stiff and less distensible. Elevated left atrial pressure is 
required to fill the ventricle, leading to dilation and 
hypertrophy of the left atrium. Chronic elevations in 
left ventricular diastolic pressure are translated into 
the pulmonary vascular tree, leading to pulmonary 
venous congestion and edema. 

The two major syndromes recognized in cats with 
feline hypertrophic cardiomyopathy are congestive 
heart failure and aortic thromboembolism. Stresses 
that lead to tachycardia may abruptly increase left 
ventricular stiffness by increasing myocardial oxygen 
demand. Functional abnormalities of relaxation may 
ensue, which further impair ventricular filling. This 
may explain the development of acute pulmonary 
edema in cats that were previously well compensated 
for their disease during clinical examinations and pro- 
cedures. 

Additional functional abnormalities may develop 
during systole. Mitral regurgitation is common in cats 
with hypertrophic cardiomyopathy and may be ex- 
plained either by geometric changes in the left ventri- 
cle and papillary muscles or by systolic anterior motion 
of the mitral valve during systole. Movement of the 
anterior (septal) mitral valve toward the ventricular 
septum in systole may be associated with narrowing of 
the left ventricular outlet, generation of a pressure 
gradient, and a functional outflow obstruction. The 
overall significance of outflow obstruction in this dis- 
ease is unresolved at this time. 


APPENDIX A 899 


Signalment 


The age range of affected cats is very broad. Males 
are affected more commonly than females. Domestic 
short-hair cats, followed by domestic long-hair cats, 
appear to be most frequently affected. A genetic form 
of the disease occurs in Maine coon cats and may be 
present in other breeds as well. 


Diagnostic Criteria 


1. Hypertrophic cardiomyopathy should be a ruleout 
whenever the following are identified: cardiomegaly 
(especially left atrial enlargement), a gallop sound 
(rhythm), a systolic murmur, arterial thromboembo- 
lism, or congestive left heart failure. Definitive diag- 
nosis of hypertrophic cardiomyopathy is based on 
either echocardiographic or angiographic evidence 
of left ventricular hypertrophy. However, other 
known causes of left ventricular hypertrophy must 
be excluded before this diagnosis is made. 

2. Echocardiographic evidence of left ventricular hy- 
pertrophy, generally associated with left atrial en- 
largement, is sufficient evidence of hypertrophic 
cardiomyopathy in the absence of other causes of 
ventricular hypertrophy. 

3. Selective or nonselective angiography may be used 
to demonstrate left ventricular hypertrophy; how- 
ever, these techniques are invasive and are not rec- 
ommended when echocardiography is available. 


Differential Diagnoses 


Other forms of cardiomyopathy: restrictive, dilated 
Myocarditis 

Hyperthyroidism 

Hypertensive heart disease 

Acquired valvular disease 

Congenital heart disease 


OP OTAR D9: NO 


A. THE ASYMPTOMATIC PATIENT 


History 


The diagnosis is most commonly made after the 
serendipitous detection of a systolic cardiac murmur or 
gallop sound (rhythm) during the course of a clinical 
examination. Cardiomegaly may be detected when tho- 
racic radiography is undertaken for another reason. 
Other affected cats may be identified because of echo- 
cardiographic screening for the disease. 


Physical Examination 


The most frequent clinical finding in an asympto- 
matic cat is a left apical or sternal border systolic 
murmur or a gallop sound (rhythm). 
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Radiography 


Thoracic radiographs may appear normal or may 
show evidence of left atrial or left ventricular enlarge- 
ment. No pulmonary edema is present. 


Electrocardiography 


The ECG may be normal or may show evidence of 
left ventricular enlargement or left axis deviation. 


Echocardiography 


The diagnosis of hypertrophic cardiomyopathy is 
based on echocardiography. Echocardiographic 
changes can range from mild, diffuse, or focal left 
ventricular wall thickening to severe left ventricular 
wall thickening with or without mild left atrial enlarge- 
ment. 


Therapeutic Recommendations (See Appendices 
B and C for specific medicaments and dosage 
recommendations) 


1. Diltiazem or a beta-blocker. The Council could not 
reach a consensus; however, many members believe 
that one of these two medicaments should be pre- 
scribed. 

2. Aspirin, administered orally every third day. The 
Council could not reach a consensus of opinion 
regarding the efficacy of thistherapy. 


B. MILD TO MODERATE HEART 
FAILURE 


History 


Clinical signs of mild to moderate heart failure gen- 
erally include tachypnea, exertional dyspnea, and non- 
specific signs of anorexia, listlessness, or rarely 
coughing. Coughing is usually mistaken for vomiting 
by the owner. Decreased activity may be a clinical sign 
but is difficult to document in cats. Some cats with 
hypertrophic cardiomyopathy may be affected by aortic 
thromboembolism, with minimal to no signs of conges- 
tive heart failure. 


Physical Examination 


Cats with heart failure, unlike dogs with heart fail- 
ure, often maintain body condition. Many cats have 
abnormal cardiac auscultation that is characterized by 
either sinus tachycardia, the presence of occasional 
premature beats, a systolic murmur near the left apex 
and along the sternal border, or a gallop sound 
(rhythm). Arterial pulses are usually normal unless 


there is an aortic thromboembolus. The jugular venous 
pressure is usually normal. Cats with left heart failure 
rarely cough, although they may cough with tracheal 
palpation in the examining room. Most demonstrate 
tachypnea. Auscultation of the lungs may reveal fine 
inspiratory crackles related to pulmonary edema or 
simply harsh bronchovesicular sounds. 

If an aortic thromboembolus is present, typical vas- 
cular, musculoskeletal, and neurologic deficits will be 
evident. These include cold limbs, absent or very weak 
pulses, paresis, contracture of affected muscle groups, 
pain, and progressive lower motor neuron neuropathy. 


Radiography 


Cardiomegaly is evident and is often more easily 
detected on the dorsoventral view, on which enlarge- 
ment of the left auricle will be most prominent. Gener- 
ally, there is mild elongation of the cardiac silhouette 
compatible with left ventricular hypertrophy. Pulmo- 
nary edema is evident as an increased interstitial or 
alveolar pattern and is frequently patchy and focal in 
appearance. Perihilar lung edema is not a common 
feature of congestive heart failure in cats, unlike the 
case in dogs. 


Electrocardiography 


A wide variety of ECG abnormalities have been de- 
tected in this disease. In some cats the ECG is normal. 
Other cats manifest increased amplitude or duration 
P waves, compatible with atrial enlargement. Increased 
amplitude R waves or a left cranial axis deviation may 
be observed. Increased duration of the QRS complex 
also may be recognized. 


Echocardiography 


This modality is the most accurate technique for 
diagnosing hypertrophic cardiomyopathy and is also 
helpful in assessing the severity of disease. Typical 
echocardiographic findings include ventricular septal, 
left ventricular wall, and papillary muscle hypertrophy. 
Left ventricular luminal size is commonly decreased 
when global hypertrophy is severe. The left atrium is 
enlarged in symptomatic cats. The shortening fraction 
is usually normal to elevated. Abnormal systolic motion 
of the septal (anterior) mitral leaflet may be observed, 
particularly in cats with a narrowed left ventricular 
outflow tract. Thrombi may occasionally be identified 
in the left atrium or left atrial appendage. 


Therapeutic Recommendations (See Appendices 
B and C for specific medicaments and dosage 
recommendations) 


1. Furosemide 
2. Minimize stress 


3. Diltiazem or beta-blocker. The Council could not 
reach a consensus regarding the superiority of one 
of these treatments over the other. (Note: The use 
of nonspecific beta-blockers should be avoided in 
the presence of pulmonary edema. Beta-blockers 
may be prescribed, however, following resolution of 
pulmonary edema.) 

4. Nitrates—may be beneficial as supplemental treat- 
ment for pulmonary edema or if the cat is resistant 
to oral administration of medicaments. 

5. Antiarryhythmic therapy—if an abnormal cardiac 
rhythm is identified and is sustained 

6. Dietary sodium restriction, if tolerated 


C. ADVANCED HEART FAILURE 


Cats in this category demonstrate obvious signs of 
congestive heart failure, typically respiratory distress. 
Respiratory distress can usually be traced to the pres- 
ence of alveolar pulmonary edema and occasionally 
pleural effusion, or both. 

Special caution should be taken when evaluating 
and treating these cats as even minor restraint or ma- 
nipulation can lead to marked exacerbation of respira- 
tory distress and death. Many members of the Council 
emphasized that diagnostic tests should, in most cases, 
be delayed until symptomatic relief has been provided 
by oxygen and diuretic therapy and pleurocentesis, if 
significant pleural effusion is present. 


History 


Severe dyspnea at rest is the predominant clinical 
sign in most cats with advanced heart failure. 


Physical Examination 


The physical findings of advanced heart failure in 
cats are an extension of those noted in the previous 
section. Severe pulmonary edema manifests as dys- 
phea, tachypnea, cyanosis, and possibly pulmonary 
crackles. If pleural effusion is present, there may be 
evidence of a pleural fluid line, muffling of heart 
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sounds, or dullness to percussion. Signs of thromboem- 
bolism are evident in some cats. A systolic murmur or 
gallop sound (rhythm) is usually evident, and sinus 
tachycardia, premature beats, or atrial fibrillation may 
be identified. 


Electrocardiography 


Electrocardiographic findings are the same as in cats 
with mild to moderate failure. In addition, there is a 
greater tendency toward atrial and ventricular arrhyth- 
mias. Cats with massive left atrial dilation may develop 
atrial fibrillation, which is poorly tolerated in cats with 
this disease. 


Radiography 


Radiography demonstrates cardiomegaly, which may 
be more generalized. There is usually marked left atrial 
and auricular appendage enlargement. Diffuse or 
patchy alveolar infiltrates of pulmonary edema or pleu- 
ral effusion are evident. 


Echocardiography 


The echocardiographic features are those discussed 
in the previous section. Left atrial enlargement is often 
more severe. 


Therapeutic Recommendations (See Appendices 
B and C for specific medicaments and dosage 
recommendations) 


As a general rule, the hospital and home care of 
cats with hypertrophic cardiomyopathy and severe con- 
gestive heart failure are qualitatively similar. 


1. Oxygen 

2. Diltiazem and possibly a beta-blocker. The Council 
generally agreed that diltiazem was preferable to a 
beta-blocker in this setting. 

Furosemide 

Nitrate or ACE inhibitor, or both 

Thoracocentesis if pleural effusion is present 
Referral if the patient is persistently difficult to 
manage 
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Appendix B 


Common Cardiovascular 
Drugs and Recommended 
Dosages Suggested by the 


International Cardiac 
Health Council 


DISCLAIMER: The dosage ranges listed in this document are recommendations 
of the Council at the time this document was prepared. Primary responsibility for 
decisions regarding treatment of patients remains with the attending clinician. All 
patients should be carefully monitored for desiréd efficacious and undesired toxic 
effects during the institution, titration, and maintenance of therapy. 

Drugs are listed in alphabetical order by general classification. The order 
of presentation in no way reflects the Council’s preference for use. General 
recommendations for therapy may be found in the main body of this document. 
Knowledge of specific indications and contraindications is the responsibility of 
the attending clinician. 


Drug (Trade Name) 


Species Route Dose 


Angiotensin-Converting Enzyme Inhibitors 


Captopril (Capoten) 
Enalapril (Enacard) 
Enalapril (Enacard) 
Beta-Adrenergic Blockers 
Atenolol (Tenormin) 
Esmolol (Brevibloc) 
Propranolol (Inderal) 


Propranolol (Inderal) 
Propranolol (Inderal) 


Calcium Channel Blockers 


Diltiazem (Cardizem) 
Diltiazem (Cardizem) 
Verapamil (various) 


Diuretics 
Furosemide (Lasix) 
Furosemide (Lasix) 


Hydrochlorothiazide (various) 


Spironolactone (various) 


Both PO 0.5-2 mg/kg q8h 

Dog PO 0.5 mg/kg q12-24h 

Cat PO 0.5 mg/kg q12-72h 

Cat PO 6.25-12.5 mg q12-24h (total dose; start low; titrate) 

Both IV 0.25-0.5 mg/kg, iv slow bolus; 50-200 wg/kg/min infusion 

Dog PO 0.1-2 mg/kg q8h (start low, titrate to effect in atrial fibrillation; 
higher doses used for other arrhythmias) 

Cat PO 2.5-5 mg q8h (total dose; start low; titrate) 

Both IV 0.01-0.1 mg/kg (start low; titrate to effect for supraventricular 
tachyarrhythmias) 

Dog PO 0.5-1.5 mg/kg q8h (start low; titrate to effect for atrial fibrillation) 

Cat PO 7.5 mg q8h (total dose) 

Dog IV 0.05 mg/kg (slow iv over 2-3 min; repeat same dose to effect up to a 
total dose of 0.15 mg/kg over 15-30 min for supraventricular 
tachycardia) 

Both PO 1-4 mg/kg q8-24h, depending on need 

Dog IV 2-8 mg/kg ql-6h (short-term emergency therapy) 

Dog PO 2-4 mg/kg q12h 

Dog PO 1-2 mg/kg q12-24h 


Table continued on following page 
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Drug (Trade Name) Species Route Dose 


Positive Chronotropes 


Atropine (various) Both IV, IM, SC 0.02-0.04 mg/kg (as needed) 

Glycopyrrolate (Robinu?) Both IV, IM, SC 0.005-0.01 mg/kg (as needed) 

Isoproterenol (various) Both IV 0.01-0.1 g/kg/min constant rate infusion: 1 mg diluted into 500 ml 
of 5% dextrose or lactated Ringer’s solution and infuse to desired 
effect 

Positive Inotropes 

Amrinone (Inocor) Dog IV 1-3 mg/kg (bolus), 10-100 g/kg/min (constant rate infusion; start 
low; titrate) 

Digitoxin (Crystodigin) Dog PO 0.02-0.03 mg/kg q8h 

*Digoxin (Lan-/Cardoxin) Dog PO Dog (< 15 kg): 0.006-0.011 mg/kg qi2h 

Dog (> 15 kg): 0.22 mg/m? body surface arca q12h 

*Digoxin (Lanoxin) Dog IV 0.0025 mg/kg qlh X 4 h (total 0.01 mg/kg) 

*Digoxin (Lan-/Cardoxin) Cat PO Cat (2-3 kg): 1/4 of a 0.125-mg tab q48h 


Cat (4-6 kg): 1/4 of a 0.125-mg tab q24h 
Cat (> 6 kg): 1/4 of a 0.125-mg tab q12h 


Dobutamine (Dobutrex) Dog IV 2.5-20 pg/kg/min (constant rate infusion) 
Dobutamine (Dobutrex) Cat IV 2-10 pg/kg/min (constant rate infusion) 
Dopamine (Intropin) Dog IV 2.5-15 ug/kg/min (constant rate infusion) 
Dopamine (Intropin) Cat IV 2-10 g/kg/min (constant rate infusion) 
Vasodilators 
Hydralazine (Apresoline) Dog PO 0.5-3 mg/kg q12h (start low; titrate) 
Nitroglycerin ointment Dog Topical 4-15 mg q6-12h (1 inch = 15 mg) 
(various) 
Nitroglycerin ointment Cat Topical 3-4 mg q6-12h 
(various) 
Nitroprusside (Nipride) Dog IV 0.5-10 pg/kg/min (constant rate infusion) 
Prazosin (Minipress) Dog PO Dog (small): 0.5-1.0 mg q8h; begin with 0.5 mg 


Dog (medium to large): 1.0-2.0 mg q8h; begin with 1.0 mg 
Ventricular Antiarrhythmics 


Amiodarone (Cordarone) Dog PO loading dose: 10-20 mg/kg q24h x 7-10 days maintenance dose: 
3-10 mg/kg q24h 

Esmolol (Brevibloc) Dog IV 0.25-0.5 mg/kg, iv slow bolus; 50-200 pg/kg/min infusion 

Lidocaine (Xylocaine) Dog IV 2-6 mg/kg slow bolus; 40-100 g/kg/min infusion 

Mexiletine (Mexitil) Dog PO 5-8 mg/kg q8h 

Phenytoin (Dilantin) Dog PO 20-35 mg/kg q8h 

Procainamide (Pronestyl) Dog IV, IM 5-15 mg/kg slowly q6h 

Procainamide (Pronestyl) Dog PO 10-30 mg/kg q6-8h 

Quinidine (various) Dog PO, IM 6-16 mg/kg q6-8h 

Tocainide (Tonocard) Dog PO 5-20 mg/kg q8h 


*Monitoring serum digoxin concentration at appropriate time intervals after dosing is recommended as a guide to maintaining therapeutic concentrations 
while reducing the probability of toxicity. Serum concentrations between 0.5 and 2.0 ng/ml sampled 6 to 8 hours after the last dose are the commonly quoted 
normal ranges. Consult your clinical laboratory for recommended protocols and desired serum concentration ranges. 


ANCILLARY DRUGS COMMONLY USED 
CONCURRENTLY WITH CARDIOVASCULAR 
DRUGS AND DOSAGES 


Drug (Trade Name) Species Route Dose 

Anticoagulant/Antiplatelet 

Aspirin (various) Dog PO 5-10 mg/kg q24-48h 

Aspirin (various) Cat PO 80 mg q48-72h 

Cough Suppressants and Bronchodilators 

Butorphanol Dog PO 0.55 mg/kg q6-12h 
(Torbutrol, Torbugesic) 

Codeine (various) Dog PO 0.1-0.3 mg/kg q6-8h 

Hydrocodone bitartrate Dog PO 2.5-5 mg PO q6—-24h (total dose) 
(Hycodan) ; 

Theophylline /aminophylline Dog PO 5-10 mg/kg q8h 


(various) 
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Drug (Trade Name) Species Route Dose 
Heartworm Adulticide 
Thiacetarsamide Dog IV 2.2 mg/kg twice daily for 2 days 
(Caparsolate) 
Sedative /Analgesics 
Morphine (various) Dog IV 0.1 mg/kg q2min to effect (up to 1.0 mg/kg); repeat total dose q6h 
Morphine (various) Dog SC, IM 0.5-1.0 mg/kg (as needed) 
Morphine (various) Cat SC, IM 0.05-0.1 mg/kg (as needed) 
Oxymorphone (Numorphan) Cat SC, IM 0.02-0.06 mg/kg (as needed) 


The International Small Animal Cardiac Health Council, 1994. 


THERAPEUTIC STRATEGIES FOR CONGESTIVE 
HEART FAILURE IN THE DOG: OPINION POLE 
FROM THE 8th INTERNATIONAL CARDIAC 
HEALTH COUNCIL*+ 


Angiotensin- 
Converting 
Enzyme B-adrenergic 
Low Salt (ACE) Blocker or 
Heart Failure Severityt Diet Furosemide Inhibitor Digoxin Diltiazem 
No cardiac enlargement 0 0 + 0 0 
Moderate-severe left atrial 0 0 tet x £ 0 
enlargement (LAE) 
Moderate-severe LAE ++++ ++ ++++ + 0) 
plus: pulmonary 
venous congestion + 
mild pulmonary edema 
Moderate-severe LAE 
plus: moderate 
pulmonary edema 
A) Atrial fibrillation ++++ +++ +++4 +4 0 
absent 
B) Atrial fibrillation FFE Fet ++44 +++ ++++ 
present 
Moderate-severe LAE 
plus: severe pulmonary 
edema 
A) Atrial fibrillation ++++ ++++ ++++ +++ 0 
absent 
B) Atrial fibrillation ae i ++++ ++44 ++++ ++++ 
present 


*San Diego, California, 1998. Members in attendance included Clark Atkins, Claudio Bussadori, Philip Fox, Virginia Luis-Fuentes, Robert Hamlin, Bruce 
Keene, Mark Kittleson, Clarence Kvart, Linda Lemkuhl, Matt Miller, Kate Meurs, Takao Minami, Sydney Moise, Yoshito Wakao. 

tDegee of Consensus to Treat: 0, Zero concurrence; +, 15-38% Council concurrence; + +, 61% Council concurrence; + + +, 76-92% Council concurrence; 
+++ +, 100% Council concurrence. 

tEndocardiosis or dilated cardiomyopathy. 
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Cardiovascular 
Drugs—Dosages, 
Formulations, Indications, 
Side Effects: 
Recommendations Suggested 
by Fox PR, Sisson D, and 
Moise NS 
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Trade Names, Approximate Major Major 
Drug Formulations* Dosaget Category Indications Side Effects Comments 
Adenosine Adenocard Dog: Antiarrhythmic Supraventricular Nausea, bradycardia, heart 
1-3 mg rapid IV bolus tachycardias block, 
bronchoconstriction 
Albuterol Proventil, Ventolin Dog, Cat: Bronchodilator, selective Bronchodilation, Tachycardia, tremors, 
2, 4 mg tablets 0.02-0.05 mg/kg bid-tid B.-adrenergic agonist bradycardia restlessness, vomiting, 
2 mg/5 ml syrup PO anorexia 
Aminophylline Various Dog: Bronchodilator, Bronchodilation Tachycardia, tachypnea, 
100, 200 mg tablets 8-11 mg/kg tid-qid IV, competitive inhibitor of anxiousness, depression, 
25 mg/ml injectable IM, PO phosphodiesterase vomiting, diarrhea, 
Cat: > anorexia 
4-5 mg/kg (approx 25 
mg) bid PO 
Amiodarone Cordarone Dog: Complex antiarrhythmic Difficult to control Hepatotoxicity, anorexia, 


Amlodipine besylate 


Amrinone lactate 


Aspirin 


Atenolol 


200 mg tablets 


Norvasc 
2.5, 5 mg tablets 


Inocor lactate 
5 mg/ml injectable 


Various 
81, 325 mg tablets 


Tenormin 

25, 50, 100 mg tablets 

25 mg/ml oral 
suspension 

0.5 mg/ml, 10 ml 
ampules injectable 


10-20 mg/kg sid PO for 
7-10 days (loading 
dose) 

3-15 mg/kg sid, or 5 
mg/kg eod PO 
(maintenance dose) 

Dog: 

0.05-0.1 mg/kg sid-bid PO 

Cat: 

0.625 mg sid-bid PO 

Dog: 

1-3 mg/kg slow IV bolus; 
10-100 uwg/kg/min CRI 
(start low, titrate to 
effect) 

Dog: 

5-20 mg/kg sid-eod PO 

Cat: 

25 mg/kg q3days PO 


Dog: 

6.25-25 mg sid-bid, or 
0.25-1 mg/kg sid-bid 
PO 

Cat: 

6.25-12.5 mg sid-bid PO 


(class I, II, ME, IV 
activity, potassium 
channel blocker) 


Calcium channel blocker 
(dihydropyridine) 


Phosphodiesterase 
inhibitor, positive 
inotrope, vasodilator 


Antiplatelet aggregation 


Selective B,-adrenergic 
blocker 


supraventricular or 
ventricular arrhythmias 


Arterial hypertension 


Severe myocardial failure 


Prevent or reduce 
thromboembolism 


Tachycardia, arrhythmias, 
arterial hypertension, 
diastolic dysfunction 
(e.g., HCM) 


bradycardia, AV block, 
depression, negative 
inotropic effect; 
extensive list of side 
effects in humans 


Hypotension 


Hypotension, cardiac 
arrhythmias, 
hepatotoxicity, vomiting, 
anorexia 


Vomiting, gastrointestinal 
ulceration, bleeding 


Sinus bradycardia, AV 
block, negative inotropic 
effect, weakness, 
depression, hypotension 


Buffered preparations 
administered with food 
may decrease 
gastrointestinal 
complications. 

Response to f-adrenergic 
blockade can be variable 
and depends upon the 
patient’s level of 
sympathetic tone and 
underlying disease. 

When planning to 
discontinue, taper 
dosage—do not stop 
abruptly. 


* The brands listed here do not include specific product endorsement but are intended to serve as a reference only. Frequently, additional commercial products or generic agents are available. 


t This table suggests approximate dosages. Safe and effective doses may vary widely between patients, and therefore all dosages should ultimately be individualized. Always read manufacturer’s recommendations. 
Abbreviations: ACT, activated clotting time; AV, atrioventricular; bid, every 12 hours; CHF, congestive heart failure; CRI, constant rate infusion; eod, every other day; HCM, hypertrophic cardiomyopathy; IM, intramuscular, INR, 
international normalization ratio; ISI, international sensitivity index (the index of sensitivity of the thromboplastin reagent); TV, intravenous; PO, per os (orally); PTT, partial thromboplastin time; qid, every 6 hours; SC, 


subcutaneous, sid, every 24 hours; SR, sustained release; TD, transdermal, tid, every 8 hours. 


Note: Antihypertensive dosages of angiotensin-converting enzyme inhibitors, B-adrenergic blockers, and diuretics may be higher than those that are indicated above for treatment of heart failure. 


Atropine sulfate 


Benazepril 


Bretylium tosylate 


Bumetanide 


Butorphanol tartrate 


Captopril 


Carnitine 
(L-Carnitine) 


Chlorothiazide 


606 


Various 
0.1 mg/ml injectable 


Lotensin 

5, 10, 20, 40 mg tablets 

Fortekor 

Bretylol 

50 mg/ml, 10 ml vial 
injectable 

Bumex 

0.5, 1, 2 mg tablets 

0.25 mg/ml injectable 

Torbutrol 

1, 5, 10 mg tablets 

Torbugesic 

0.5, 10 mg/ml 
injectable 


Capoten 

1, 2.5, 25, 50, 100 mg 
tablets 

Carnitor 

330 mg tablet 

Generic bulk powder 


Diuril 

250, 500 mg tablets 

50 mg/ml oral 
suspension 


Dog, Cat: 
0.01-0.04 mg/kg IV, IM, 
SC 


Dog, Cat: 
0.25-0.5 mg/kg sid-bid PO 


Dog: 
2-10 mg/kg IV 


Dog: 
0.03-0.06 mg/kg sid-bid 
PO 


Dog: 

Antitussive: 

0.5-1 mg/kg bid to qid 
PO 


0.05-0.1 mg/kg bid-qid SC 

Analgesic: 

0.2-0.8 mg/kg IV, IM, SQ 
tid-qid 

Cat: 

Analgesic: 

0.4 mg/kg tid-qid SC 

0.2 mg/kg tid-qid IV 

0.5-1.1 mg/kg bid-qid PO 

Dog, Cat: 

0.5-2 mg/kg tid PO 


Dog: 
50-100 mg/kg tid PO 


Dog, Cat: 
20-40 mg/kg bid PO 
(monotherapy) 


Anticholinergic, 
antimuscarinic 


Angiotensin-converting 
enzyme inhibitor 


Antiarrhythmic (class III), 
antifibrillatory 


Loop diuretic 


Antitussive, analgesic 


Angiotensin-converting 
enzyme inhibitor, 
vasodilator 

Amino acid 


Thiazide diuretic 


Bradycardia, advanced AV 
block 


Congestive heart failure, 
arterial hypertension 


Prevent ventricular 
fibrillation 


Congestive heart failure 


Coughing, particularly 
with large airway disease 


Congestive heart failure, 
arterial hypertension 


Systolic failure due to 
myocardial carnitine 
deficiency 


Pulmonary edema, ascites, 
peripheral edema 
(usually added to 
furosemide for 
refractory CHF), arterial 
hypertension 


Tachycardia, transient AV 
block, constipation, dry 
mucous membranes, 
ileus 

Hypotension 


Tachycardia, 
proarrhythmic, 
vomiting, hypotension 

Hypovolemia, electrolyte 
depletion, acid-base 
disturbances, azotemia 

Lethargy, anorexia, 
depression, vomiting 


Hypotension, anorexia, 
vomiting, azotemia 


Diarrhea (rare) 


Hypovolemia, 
hypokalemia, vomiting, 
anorexia, azotemia, acid- 
base alterations 


Do not combine with 
alkaline solutions. 


Different injectable 
concentrations are 
available—avoid 
inadvertent overdosing. 


Use only L-carnitine (avoid 
D-carnitine or D-L- 
carnitine, which 
inactivates carnitine- 
containing enzyme 
systems). 

Decrease initial dose 50% 
when used as adjunctive 
therapy with 
furosemide. 

Decreased glomerular 
filtration rate (renal 
failure) reduces thiazide 
activity. 
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Trade Names, Approximate Major Major 
Drug Formulations* Dosaget Category Indications Side Effects Comments 
Digitoxin Crystodigin Dog: Positive inotrope Heart failure 
0.05, 0.1 mg tablets 0.02-0.03 mg/kg tid PO 
Digoxin Cardoxin, Lanoxin Dog: Positive inotrope, Heart failure, Arrhythmias, AV block, Dose based upon lean 
0.125, 0.25, 0.5 mg 0.22 mg/m? bid or vagomimetic supraventricular anorexia, vomiting, body weight. 
tablets 0.005-0.01 mg/kg bid PO arrhythmias diarrhea Monitor serum levels by 
0.05, 0.1, 0.2 mg 0.0025 mg/kg IV bolus, Toxicity exacerbated by sampling blood 8 hours 
capsules repeat hourly three or hypokalemia, after administration 
0.05, 0.15 mg/ml oral four times (total up to hyponatremia, (1-2.4 ng/ml, 
suspension 0.01 mg/kg) hypercalcemia, therapeutic serum 
0.25 mg/ml injectable Cat: hypothyroidism, renal concentration). 
1/4 of 0.125 mg tablet failure (digoxin is Many adverse drug 
(0.31 mg) eod-sid PO excreted by the kidney) interactions. 
Usual maximum dose in 
Dobermans is 0.25 mg 
i bid. 
Diltiazem Cardizem Cardizem Calcium channel blocker Supraventricular Bradycardia, AV block, May be cautiously 
30, 60, 90, 120 mg Dog: (benzothiazine) tachycardia, diastolic depression, anorexia, combined with B- 
tablets 0.5-2 mg/kg tid PO dysfunction (e.g., HCM) lethargy adrenergic blockers 
25 mg/5 ml injectable Cat: and/or digoxin to treat 
Cardizem CD 7.5 mg bid-tid PO supraventricular 
120, 180, 300 mg Dog, Cat: 0.1-0.2 tachycardias. 
capsules mg/kg IV bolus, then The 60 mg tablets 
Dilacor XR 2-6 g/kg/min IV CRI contained within Dilacor 
120, 180, 240 mg Cardizem CD XR capsules are used 
capsules Cat: individually for dosing, 
10 mg/kg sid PO especially in cats. 
Dilacor XR 
Dog: 
1.5-6 mg/kg sid PO 
Cat: 
30-60 mg sid-bid PO 
Disopyramide Norpace Dog: Antiarrhythmic Supraventricular and Proarrhythmic, AV block, | Uncommonly used 
phosphate 100, 150 mg capsules 10-20 mg/kg qid PO (class la) ventricular arrhythmias hypotension, negative because the half-life in 
inotropic effect dogs is only 2 to 3 hours 
(potentially deleterious (recommended dosing 
with CHF and intervals vary widely) 
myocardial failure) 
Dithiazanine iodide Dizan Dog: Microfilaricidal Microfilaria Vomiting, diarrhea Uncommonly used today 
10, 50, 100, 200 mg 6.6-11 mg/kg PO for 7-10 because of effectiveness 
tablets days of ivermectin. 
Dobutamine Dobutrex Dog: Catecholamine-like agent Acute management of Arrhythmias at high doses, Do not mix with 


12.5 mg/ml, 20 ml vial 
injectable 


5-20 wg/kg/min IV CRI 

Cat: 

2-10 (usually, 2-5) 
pg/kg/min IV CRI 


(adrenergic agonist, 
positive inotrope) 


myocardial failure 


seizures (cats), 
arrhythmias 


alkalinizing solutions. 
Dilute 250 mg in 1 liter of 
5% dextrose. 


Dopamine 


Doxapram 


chloride 


Enalapril 
maleate 


Epinephrine 


Esmolol 


Flecainide 


TIG 


hydrochloride 


Edrophonium 


Intropin, Dopastat 

40 mg/ml, 80 mg/ml, 
160 mg/ml, 5 ml 
vials injectable 


Dopram 
20 mg/ml injectable 


Tensilon, Enlon, 
Reversol 

10 mg/ml, 
1, 10 ml ampules 
injectable 


Enacard 
1, 2.5, 5, 10, 20 mg 
tablets 


Vasotec 

2.5, 5, 10, 20 mg 
tablets 

Adrenalin chloride 

l mg/ml (1:1000) 
injectable 


Generic 

0.1 mg/ml (1:10,000) 
injectable 

Brevibloc 

10 mg/ml, 250 mg/ml 
injectable 


Tambocor 
50, 100, 150 mg tablets 


Dopaminergic activity: 

Dog, Cat: 

1-3 g/kg/min IV CRI 

Inotropic (B,-adrenergic 
agonist) activity: 

Dog, Cat; 

3-5 g/kg/min IV CRI 

Vasopressor (a-agonist) 
activity: 

Dog, Cat: 

5-10 g/kg/min IV CRI 

Dog, Cat: 

1-10mg/kg IV 

Neonate: 1-5 mg SC, 
sublingual, or via 
umbilical vein 

Dog, Cat: 

0.1-0.2 mg/kg IV 


Dog: 

0.5 mg/kg sid-bid PO 

Cat: 

0.25-0.5 mg/kg eod-bid 
(typical dose is 0.5 
mg/kg sid) PO 


Dog, Cat: 

0.2 mg IV (double for 
intratracheal 
administration) 


Dog, Cat: 

50-500 (usually 50-100) 
pg/kg IV bolus every 5 
min (up to 500 wg/kg 
max) 

50-200 pg/kg/min CRI 

Dog: 

1-5 mg/kg bid-tid PO 


Catecholamine-like agent 
with dose-dependent 
dopaminergic/ 
inotropic/ pressor 
actions 


Respiratory stimulant 
(acts on carotid 
chemoreceptors) 


Parasympathomimetic, 
anticholinesterase 


Angiotensin-converting 
enzyme inhibitor 


Catecholamine (a- and B- 
adrenergic activity) 


B-adrenergic blocker 
(ultrashort-acting) 


Antiarrhythmic (class 1c) 


Acute management of 
CHF or myocardial 
failure (low doses); 
vasopressor to treat 
hypotension/shock 
(high doses cause 
peripheral 
vasoconstriction) 


Respiratory arrest 


Acute management of 
supraventricular 
tachycardia 


Congestive heart failure, 
arterial hypertension 


Cardiac arrest; acute, life- 
threatening 
bronchospasm 
(‘asthma’); 
anaphylactic reactions 


Supraventricular 
tachyarrhythmias, 
ventricular tachycardia, 
dynamic outflow tract 
obstructions 


Supraventricular 
arrhythmias 


Can counteract effects of 
B-adrenergic blockers. 

Protect solution from 
light. 

After dilution, must use 
within 24 h. 


Arterial hypertension, 
arrhythmias, vomiting 


Seizures, hypertension, 
arrhythmias 


Very short acting. 
Administer atropine to 
treat cholinergic crisis. 


Cholinergic crisis 
(tremors, vomiting, 
diarrhea, bronchospasm, 
pulmonary edema, 
respiratory arrest, 


hypotension, 
bradycardia) 

Hypotension, anorexia, Avoid excessive diuresis. 
lethargy Monitor renal function. 


Azotemia when 
administered with 
excessively high diuretic 
dosage 


Tachyarrhythmias, arterial Duration of effect is very 
hypertension, vomiting, short. 
tremor, excitement Be careful to note the 
concentration when 
dosing. 


Bradycardia, AV block, 
hypotension, negative 
inotropic effect 


Selected cases of 
supraventricular 
arrhythmias may benefit 
(e.g., intermittent atrial 
flutter or atrial 
fibrillation). 


Proarrhythmic, 
hypotension, sinus 
bradycardia, QT interval 
prolongation, negative 
inotropic effect, 
vomiting, anorexia, 
depression 
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Drug 


Furosemide 


Glycopyrrolate 


Heparin calcium, 
heparin sodium 


Hydralazine 
hydrochloride 


Hydrochlorothiazide 


Hydrocodone 


Isoproterenol 


Trade Names, 
Formulations* 


Lasix 

Veterinary—12.5, 50 
mg tablets 

Human—20, 40, 80 mg 
tablets 


10 mg/ml syrup 


Lasix 

50 mg/ml injectable 

Robinul 

1, 2 mg tablets 

0.2 mg/ml, 20 ml vial 
injectable 

Calciparine, Liquaemin 
Sodium 

1000 U/ml, 10,000 
U/ml, other 
concentrations 
injectable 


Apresoline 
10, 25, 50, 100 mg 
tablets 


20 mg/ml, 1 ml vial 
injectable 

HydroDIURIL, Oretic, 
Esidrix 

24, 50, 100 mg tablets 


Hydrozide injectable 
25 mg/ml injectable 


Hycodan, Tussigon 

1.5, 5 mg tablets 

1 mg/ml oral 
suspension 

Isuprel 

0.2 mg/ml (1:5000) 
injectable 


Approximate 
Dosaget 


Dog: 

2-8 (usually 2-4) mg/kg 
sid-tid PO 

2-4 mg/kg IV, IM, SC 
PRN 

Cat: 

1-4 (usually 1-2) mg/kg 
eod-bid PO 

0.5-2 mg/kg IV, IM, SC 
PRN 

Dog, Cat: 

0.005-0.01 mg/kg IV, IM; 
0.01-0.02 mg/kg bid-tid 
SC 

Dog, Cat: 

load with 100-200 U/kg 
IV 

Dog: 

100-500 U/kg tid SC 

Cat: 

100-300 U/kg tid SC 

Dog: 

0.5-3 mg/kg bid PO 

Cat: 

2.5 mg sid-bid PO 


Dog, Cat: 
2-4 mg/kg bid PO 
(monotherapy) 


Dog: 
0.1-0.25 mg/kg bid qid 
PO 


Dog, Cat: 
0.01-2 pg/kg/min IV CRI 


Category 


Loop diuretic 


Antimuscarinic, 


parasympatholytic 


Anticoagulant 
(primarily to prevent 
thrombosis) 


Arterial vasodilator 
(afterload reducer) 


Thiazide diuretic 


Antitussive, opiate agonist 


Sympathomimetic, B,- and 
B.adrenergic agonist, 
positive inotrope, 
positive chronotrope 


Major 
Indications 


First-line diuretic for CHF 
(pulmonary edema, 
ascites, peripheral 
edema) 


Sinus bradycardia, 2nd 
degree AV block 


Thromboembolism 


CHF, particularly due to 
severe mitral 
regurgitation 
(endocardiosis); 
systemic hypertension 


Pulmonary edema, ascites, 
peripheral edema 
(usually added to 
furosemide for 
refractory CHF); 
systemic hypertension 


Coughing 


Bradycardia, poor cardiac 
output 


Major 
Side Effects 


Hypochloremic metabolic 
alkalosis, hypokalemia, 
hyponatremia, 
dehydration, 
hypotension, azotemia 


Sinus tachycardia, dry 
mucous membranes 


Bleeding 


Hypotension, tachycardia, 
vomiting 


Dehydration, lethargy, 
electrolyte depletion, 
acid-base alterations 


CNS depression, repiratory 
depression, sedation 


Tachyarrhythmias, 
hypotension with higher 
doses 


Comments 


In severe, acute 
pulmonary edema, IV 
doses may need to be 
repeated hourly to 
effect (max, 8 mg/kg 
[dog] or 4 mg/kg 
[cat]). 


Oral dose is not 
established. 


Many protocols and 
dosing schemes are 
proposed. 

Monitor and maintain 
PTT or ACT at 2~2.5 
times pretreatment 
baseline values. 

IV dose is not established. 


Decrease initial dose 50% 
when used as adjunctive 
therapy with 
furosemide. 

Decreased glomerular 
filtration rate (renal 
failure) reduces thiazide 
activity. 


Standard dilution is 1 mg/ 
500 ml of 5% dextrose 
or lactated Ringer’s 
solution and 
administered CRI to 
effect. 
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Isosorbide dinitrate 


Ivermectin 


Lidocaine 
hydrochloride 


Lisinopril 


Melarsomine 
hydrochloride 


Methimazole 


Metoprolol 


Isordil, Isorbid, 
Sorbitrate 

2.5, 5, 10, 20, 30, 40 
mg tablets 

Heartguard 

Canine: 68, 136, 272 
ug tablets 

Feline: 55, 165 ug 
tablets 

Ivomec 

10 mg/ml solution 


Xylocaine 
20 mg/ml injectable 


Prinivil, 

Zestril 

2.5, 5, 10, 20, 40 mg 
tablets 


Immiticide 

Sterile powder 
reconstituted to 25 
mg/ml] injectable 


Tapazole 
5, 10 mg tablets 


Lopressor 
50, 100 mg tablets 


1 mg/ml, 5 ml ampule 
injectable 


Toprol XL 
50, 100, 200 mg tablets 


Dog, Cat: 
0.2-1 mg/kg bid PO 


Dog: 

Heartworm prophylaxis: 

6 pg/kg every month PO 

Cat: 

24 pg/kg every month PO 

Microfilaricide: 

Dog: 

50 pg/kg PO 

Dog: 

2.2-8.8 mg/kg IV over 5 
min (administer 2.2 
mg/kg boluses slowly) 

25-80 ug/kg/min IV CRI 

4-6 mg/kg IM q2-4 h 

Cat: 

0.25-1.0 mg/kg IV bolus 
over 5 min (or 1 mg 
boluses, up to 4 mg max 
over 5 min) 

10-40 g/kg/min IV CRI 

Dog: 

0.25-1.0 (usually 0.5) 
mg/kg sid-bid PO 

Cat: 

0.25-0.5 mg/kg sid PO 

Dog: 

Two 2.5 mg/kg doses by 
deep IM injection 24 h 
apart; repeat in 4 
months (standard 
therapy) 

Cats: 

5 mg bid-tid PO 


Dog, Cat: 
0.25-1.0 mg/kg bid-tid PO 


Nitrate venodilator 
(preload reducer) 


Macrolide antibiotic 


Antiarrhythmic (class 1b) 


Angiotensin-converting 
enzyme inhibitor 


Organoarsenical 


Antithyroid hormone 
synthesis agent 


Selective B,-adrenergic 
blocker 


Congestive heart failure 


Heartworm 
chemoprophylaxis, 
microfilaricide 


Ventricular arrhythmias 


Congestive heart failure, 
arterial hypertension 


Heartworm adulticide 
chemotherapy 


Hyperthyroidism 


Tachyarrhythmias, arterial 
hypertension 


Hypotension 


Transient, mild lethargy, 
vomiting; uncommonly, 
tachypnea, tachycardia, 
shock (related to rapid 
first-dose reduction of 
microfilaria) 


Seizures, tremors, CNS 
and respiratory 
depression, vomiting 


Hypotension, anorexia, 
lethargy; azotemia when 
administered with 
excessively high diuretic 
dosage 

Transient muscle soreness 
as injection site 


Transient anorexia; 
vomiting, lethargy; 
occasional head/neck 
excoriation; rarely 
thrombocytopenia, 
agranulocytosis 


Bradycardia, AV block, 
lethargy, negative 
inotropic effect, 
hypotension 


Tolerance can develop but 
is lessened by 
intermittent 
administration. 

Use caution in collie dogs. 


For effective results, serum 
potassium must be 
normal. 


Avoid excessive diuresis. 
Monitor renal function. 


Stage treatments for severe 
heartworm infection 
(see manufacturer’s 
instructions). 


Monitor CBC and platelet 
count every 2-3 weeks 
for first 3 months of 
therapy. 

Determine serum thyroid 
concentrations and 
adjust dose accordingly. 

When planning to 
discontinue taper 
dosage—do not stop 
abruptly. 

Response to B-adrenergic 
blockade can be variable 
and depends upon the 
patient’s level of 
sympathetic tone and 
underlying disease. 
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Mexiletine Mexitil Dog: Antiarrhythmic (class 1b) Ventricular arrhythmias Depression, CNS signs, In some cases, most 
150, 200, 250 mg 4-8 mg/kg tid PO tremors, vomiting, effective when 
capsules hypotension combined with p- 
adrenergic blocker. 
Milbemycin oxime Interceptor Dog, Cat: Macrolide antibiotic Heartworm Mild, transient signs Side effects related to 
2.3, 5.75, 15, 23 mg 0.5 mg/kg monthly PO chemoprophylaxis and related to rapid, first- microfilaria 
tablets microfilaricide dose reduction in concentration. 


Morphine sulfate 


Nadolol 


Nitroglycerin 


Nitroprusside 
sodium 


Phenylephrine 
hydrochloride 


Varied 


Corgard 
40, 80, 120, 160 mg 
tablets 


Nitrol, Nitro-Bid, 
Nitrostat 

2% ointment, 20, 30, 
60 g tubes 

(1 inch = 15 mg) 


Nipride, Nitropress 
50 mg vial injectable 


Neo-Synephrine 
10 mg/ml, 1 ml 
ampules injectable 


Dog: 

0.1 mg/kg IV q2min to 
effect (up to 1 mg/kg 
max)—repeat q6h; 
0.5-1.0 mg/kg IM, SC 
PRN 


Cat: 

0.05-0.1 mg/kg IM, SC 
Dog, Cat: 

0.25-0.5 mg/kg bid PO 


Dog: 

1/4-1 inch cutaneously 
tid-qid 

Cat: 

1/8-1/4 inch cutaneously 
tid-qid 


Dog, Cat: 
0.5-10 g/kg/min CRI 


Dog: 
0.005-0.01 mg/kg IV 
bolus 


Opiate 


Nonselective B-adrenergic 
blocker 


Venous vasodilator 
(preload reducer) 


Arterial and venous 
vasodilator 


a,Adrenergic agonist 


Acute cardiogenic 
pulmonary edema 


Tachyarrhythmias, systemic 
hypertension, diastolic 
dysfunction (e.g., HCM) 


Congestive heart failure 


Acute, severe cardiogenic 
pulmonary edema 


Supraventricular 
tachycardia, hypotension 


microfilaremia 
(weakness, pale 
membranes, tachypnea) 
Respiratory depression/ 
arrest, depression, 
bronchoconstriction, 
vomiting, defecation, 
CNS stimulation/ 
behavior changes, 
hypothermia 


Bradycardia, depression, 
AV block, negative 
inotropic effect, 
hypotension 


Hypotension 


Profound hypotension, 
cyanogen or thiocyanate 
toxicity, delirium 


Arterial hypertension, 
reflex sinus bradycardia 


Response to B-adrenergic 
blockade can be variable 
and depends upon the 
patient’s level of 
sympathetic tone and 
underlying disease. 

When planning to 
discontinue, taper 
dosage—do not stop 
abruptly. 

Rub ointment into skin 
(wear gloves—avoid skin 
contact); wipe off cream 
base before applying 
next dose. 

Tolerance can be lessened 
by intermittent 
administration. 

Protect solution from light 
(once reconstituted, the 
solution is stable for 
24h). 

Reconstitute in D5W. 

Discard if solution turns 
blue, red, or green. 

Constant arterial blood 
pressure monitoring 
required. 

Monitor arterial blood 
pressure. 

Effect is short lived. 


Phenytoin 


Potassium 
chloride 


Potassium 
gluconate 


Prazosin 
hydrochloride 


Procainamide 
hydrochloride 


Propafenone 


Propranolol 


Quinidine 
gluconate 
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Dilantin 

30, 100 mg capsules 

125 mg/5 ml 
suspension 


Various 
Injectable 


Kaon elixir 

20 mEg/15 ml 
Tumil-K 

2 mEq/1/4 tsp powder 
2 mEq tablet 

2 mEq/1/2 tsp gel 
Minipress 

1, 2, 5 mg capsules 


Pronestyl, Procamide 

250, 375, 500 mg 
tablets or capsules 

Pronestyl SR, Procan 
SR 

250, 500, 750, 1000 mg 
tablets 

100 mg/ml, 10 ml 
vials, 500 mg/ml, 2 
ml vials injectable 

Rhythmol 

300 mg tablet 

Inderal 

10, 20, 40, 60, 80, 90 
mg tablets 

4 mg/ml oral 
suspension 

Inderal LA (extended 
release) 

60, 80, 120, 160 mg 
tablets 

1 mg/ml, 1 ml 
ampules injectable 

Quinaglute Dura-Tabs, 
Quin-Release 
(sustained release) 

324 mg tablets 

Duraquin (sustained 
release) 330 mg 
tablets 

80 mg/ml, 10 ml vials 
injectable 


Dog: 

20-35 mg/kg tid PO 

1 mg/kg/min IV (up to 6 
mg/kg total) 


Dog, Cat: 

10-40 mEq/500 ml fluids, 
administer IV according 
to serum potassium 
concentration and 
cardiovascular status 

Dog, Cat: 

2.2 mEq/100 kcal of 
energy/day PO 

Cat: 

2-6 mEq/day 


Dog: 
1 mg/15 kg bid-tid PO 


Dog: 

10-20 mg/kg qid (tid if 
SR preparation) PO 

5-15 mg/kg IV (slow 
bolus); begin low titrate 
up to effect 

25-50 wg/kg/min IV CRI 

Cat: 

2-5 mg/kg bid-tid PO 


Dog: 

3-10 mg/kg tid PO 

Dog: 

0.2-1.0 mg/kg tid PO 

0.01-0.1 mg/kg IV 
(slow bolus) 

Cat: 

2.5-10 mg per cat bid-tid 
PO 

0.01-0.1 mg/kg IV 

(slow bolus) 


Dog: 

5-20 mg/kg tid-qid (tid 
for sustained release) 
IM, PO 

5-10 mg/kg IV (slow 
bolus) 

Dose calculated on 
amount of quinidine 
base. See comments. 


Antiarrhythmic 


Electrolyte 


Oral potassium 
supplement 


Postsynaptic o,-adrenergic 
blocker, arterial and 
venous vasodilator 

Antiarrhythmic (class la) 


Antiarrhythmic (class 1c) 


Nonselective B-adrenergic 
blocker 


Antiarrhythmic (class la) 


Digitalis toxic arrhythmias 
in the dog 


Rapid correction of 
moderate to severe 
hypokalemia 


Nonemergency 
hypokalemia, prevention 
of recurrent 
hypokalemia 


Congestive heart failure, 
arterial hypertension 


Supraventricular and 
ventricular arrhythmias 


Supraventricular and 
ventricular arrhythmias 

Tachyarrhythmias, arterial 
hypertension, diastolic 
dysfunction (e.g., HCM) 


Supraventricular and 
ventricular arrhythmias 


Iatrogenic hyperkalemia 


Gastrointestinal irritation 


Hypotension, lethargy, 
vomiting 


Depression, anorexia, 
diarrhea, vomiting, 
proarrhythmic, 
hypotension, QT 
prolongation, negative 
inotropic effect 


Bradycardia, some 
negative inotropic effect 

Bradycardia, depression, 
AV block, negative 
inotropic effect, 
hypotension 


Hypotension (especially by 
IV route), 
proarrhythmic, 
anorexia, vomiting, 
diarrhea, prolonged QT 
interval, negative 
inotropic effect 


Table continued on following page 


Induces hepatic enzymes, 
therefore may alter 
kinetics of other drugs 
(e.g., lidocaine, 
quinidine, mexiletine). 

Administration rate must 
not exceed 0.5 mEq 
KCI/kg/h Iv. 


Tolerance may develop. 


Sustained release (SR) 
preparations may have 
variable absorption, and 
blood concentrations 
help guide therapy. 

To be effective, serum 
potassium concentration 
must be normal. 


Response to B-adrenergic 
blockade can be variable 
and depends upon the 
patient’s level of 
sympathetic tone and 
underlying disease. 

When planning to 
discontinue, taper 
dosage—do not stop 
abruptly. ` 


Injectable solution is 
sensitive to light. 

Be cautious when used 
with digoxin (elevates 
serum digoxin 
concentration). 

Serum potassium must be 
normal to be effective. 

Quinidine gluconate is 
62% base (324 mg 
quinidine gluconate = 
202 mg quinidine base). 


eS 


Ramipril 


Sotalol 


Spironolactone 


Streptokinase 


Taurine 


Terbutaline 


100, 200, 300 mg 
tablets; 200, 300 mg 
capsules 

200 mg/ml injectable 

Quinidex Extentabs 
(sustained release) 

300 mg tablets 


Altace 
1,25, 2.5, 5, 10 mg 
capsules 


Betapace 
80, 160, 240 mg tablets 


Aldactone 
25, 50, 100 mg tablets 


Streptase 

30,000 IU/ml 
injectable 

250,000, 750,000, or 
1,500,000 IU/6.5 ml 
vials injectable 


Generic 


Brethine, Bricanyl 

2.5, 5 mg tablets 

1 mg/ml, 1 ml ampule 
injectable 


5-20 mg/kg qid IM, PO 
for sulfate, tid for 
sustained release 

5-10 mg/kg IV (slow 
bolus) 

Dose is calculated on 
amount of quinidine 
base. See comments. 


Dog: 

0.5 mg/kg sid-bid PO 
Cat: 

0.5 mg/kg sid PO 


Dog: 

0.5-2 mg/kg bid PO 
Cat: 

1/8 of 80 mg tab bid PO 


Dog, Cat: 

1-2 mg/kg bid PO 

(usually combined with 
furosemide or thiazide 
diuretic) 


Cat: 

90,000 IU IV infusion over 
1 h, then 45,000 IU/h 
IV CRI for a total of 
6-8 h 


Dog: 

500 mg bid PO 

Cat: 

250 mg bid PO 

Dog: 

1.25-5 mg bid PO 

Cat: 

0.15 mg/kg (or approx 
0.625 mg/cat) bid PO 


Angiotensin-converting 
enzyme inhibitor 


Antiarrhythmic (class II 
and class III action) 


Aldosterone competitive 
antagonist diuretic 
(potassium-sparing 
diuretic) 


Thrombolytic agent 


Amino acid 


Bronchodilator, 
Be-adrenergic agonist 


ventricular arrhythmias 


Congestive heart failure, 
arterial hypertension 


Ventricular arrhythmias 


Congestive heart failure, 
especially when limiting 
potassium loss is 
desirable 


Arterial thromboembolism 


Taurine deficiency 
myocardial failure 


Bronchoconstriction 


IV route), 
proarrhythmic, 
anorexia, vomiting, 
diarrhea, prolonged QT 
interval, negative 
inotropic effect 


Hypotension, anorexia, 
lethargy; azotemia when 
administrated with 
excessively high diuretic 
dosage 

Proarrhythmic, 
bradycardia, QT 
prolongation, negative 
inotropic effect, 
depression, anorexia 

Hyperkalemia, 
dehydration, vomiting, 
anorexia, lethargy, acid- 
base disturbances 


Bleeding, hyperkalemia 


Sinus tachycardia, 
anxiousness, 
nervousness, vomiting 


Trade Names, Approximate Major Major 
Drug Formulations* Dosaget Category Indications Side Effects Comments 
Quinidine sulfate Cin-Quin, Quinora Dog: Antiarrhythmic (class la) Supraventricular and Hypotension (especially by Injectable solution is 


sensitive to light. 

Use caution when used 
with digoxin 
(willincrease serum 
digoxin concentrations). 

Serum potassium 
concentration must be 
normal to be effective. 

Quinidine sulfate is 83% 
quinidine base (300 mg 
quinidine sulfate = 250 
mg quinidine base). 

Avoid excessive diuresis. 

Monitor renal function. 


Rarely used as 
monotherapy. 

Monitor potassium 
concentration, especially 
when given with 
angiotensin-converting 
enzyme inhibitors. 

Causes a generalized lytic 
state (avoid if animal is 
heparinized or taking 
Coumadin). 

Acute, severe 
hyperkalemia due to 
reperfusion of skeletal 
muscles may follow. 


Theophylline 


Thiacetarsamide 
sodium 


Tissue 
plasminogen 
activator (t-PA) 


Tocainide 


Triamterene 


Verapamil 


Warfarin 


Theo-Dur (sustained 
release) 

100, 200, 300, 450 mg 
tablets 

Choledy] (sustained 
action) 

Carparsolate 

10 mg/ml injectable 


Activase 
1 mg/ml, 50, 100 mg 
vial injectable 


Tonocard 
400, 600 mg tablets 


Dyrenium 
100 mg capsules 


Calan, Isoptin 

80, 120 mg tablets 

(240 mg sustained 
release tablet) 

5 mg/ml, 2, 4, 5 ml 
vials injectable 

Coumadin 

1, 2, 2.5, 4 mg tablets 


Volume (ml) of fluid to be removed from 


and 


Dog: 

20 mg/kg bid PO 

Cat: 

25 mg/kg sid PO 

Dog: 25-30 mg/kg bid PO 


Dog: 
2.2 mg/kg bid IV for 2 
days 


Cat: 

0.25-1 mg/kg/h (for a 
total dose of 1-10 
mg/kg) IV 


Dog: 
10-20 mg/kg bid PO 


Dog, Cat: 
1-2 mg/kg bid PO 


Dog: 

1-5 mg/kg tid PO 

0.05 mg/kg IV (slow 
bolus) q10-30 min (up 
to 0.15 mg/kg max) 


Dog: 

0.1-0.2 mg/kg sid PO 
Cat: 

0.25-0.5 mg/cat sid PO 


Bronchodilator, 
competitive 
phosphodiesterase 
inhibitor 


Organoarsenical 


Fibrinolytic agent (tissue 


plasminogen activator) 


Antiarrhythmic (class Ib) 


Potassium-sparing diuretic 


Calcium channel blocker 


Anticoagulant 


Bronchodilation 


Heartworm adulticide 
chemotherapy 


Thrombolytic therapy 


Ventricular arrhythmias 


Congestive heart failure, 
especially when limiting 
potassium loss is 
desirable 


Supraventricular 
tachycardia 


Prevent thromboembolism 


Constant Rate Infusion (CRI) Dosing Formula Worksheet 


1000 pg/mg 


Volume (ml) of drug to be added back 


to the fluid bottle or bag 


L16 


Tachycardia, anxiousness, 
depression, vomiting, 
diarrhea, anorexia, 
tachypnea 


Hepatotoxic; may cause 
severe inflammation and 
necrosis at injection site 
if injected 
subcutaneously 

Bleeding, hyperkalemia, 
metabolic acidosis 


Anorexia, CNS toxicity 
(tremors, ataxia), 
corneal edema 

Hyperkalemia, 
dehydration, vomiting, 
anorexia, lethargy, acid- 
base disturbances 


Hypotension, bradycardia, 
AV block, negative 
inotropic effects, 
anorexia 


Bleeding 


Drip rate of fluids (ml/hr) to be given} x Concentration of drug (mg/ml) 


Does not dependably kill 
all adult worms. 


Avoid if animal is 
heparinized or taking 
Coumadin. 

Acute, severe 
hyperkalemia due to 
reperfusion of skeletal 
muscles may follow. 

Side effects are common. 


Rarely used as 
monotherapy. 

Monitor potassium 
concentration, especially 
when given with 
an giotensin-converting 
enzyme inhibitors. 

Use cautiously if combined 
with B-adrenergic 
blockers 


Protect from light. 

Adjust dosage to maintain 
the prothrombin time to 
twice normal; or, adjust 
INR to maintain a value 
of 2.0-3.0 as follows: 
INR = [Cat or Dog 
Prothrombin Time + 
Control Prothrombin 
Time] 


| dose nei [mim | X Body weight (kg) X Volume of fluids (m1) to be administered x 60 min/h 


{For routine maintenance, the volume of fluid to be administered approximates 2.5 ml/kg/h (adjust according to patient hydration, urine output, etc.). 


INDEX 


Note: Page numbers in italics refer to illustrations; page numbers followed by (t) refer to tables. 


Abdomen, compression of, in basic life 
support, 434 
cranial, radiographic appearance of, 127 
examination of, 50 
swollen, significance of, 44, 47 
ultrasonography of, signs of heart failure 
on, 153 
in dog, 153 
ACE inhibitors. See Angiotensin-converting 
enzyme inhibitors. 
Acepromazine, for anxiety, in cat with 
pulmonary edema, 260, 260(t) 
Acoustic enhancement, 132 
Acoustic impedance, 131 
Acoustic shadowing, 132 
Acquired atrioventricular valve disease, 
chronic. See Endocardiosis. 
Acquired heart disease, 536-559, 828-839. 
See also Endocardiosis. 
arrhythmias associated with, in cat, 387- 
388 
prevalence of, in cat, 465 
in dog, 463-465 
Acquired pericardial disease, 685-696. See 
also Cardiac tamponade; Pericardial 
effusion. 
Acquired valvular disease, 536-559. See also 
Endocardiosis. 
Acromegaly (hypersomatotropism), 766 
in cat, 656 
cardiovascular abnormalities associated 
with, 656 
Action potentials, 70-71, 71, 292 
heart damage affecting, 293-295, 294, 
295 
Addison’s disease (hypoadrenocorticism), 
763-764 
Adenosine, adverse effects of, 315(t), 
908(t) 
for arrhythmias, 908(t) 
in dog, 315(t) 
factors limiting use of, 349 
in man, 349 
recommended dosages of, for dog, 
908(t) 
Adrenal gland, dysfunction of, 763-765 
Adulticide therapy, for heartworm disease, 
in cat, 733 
in dog, 710-713 
ancillary drugs used in, 713-714 
thromboembolism due to, 719 
Advanced life support, 435-437, 436. See 
also Cardiopulmonary cerebral 
resuscitation. 


Afghan hound. See also Dog(s). 
cardiomegaly in, dilated cardiomyopathy 
and, 256 
dilated cardiomyopathy in, 583 
radiographic findings associated with, 
256 
heart failure in, dilated cardiomyopathy 
and, 256 
radiographic findings associated with, 
256 
M-mode echocardiography in, normal 
findings on, 145(t) 
pulmonary edema in, dilated cardiomyop- 
athy and, 256 
heart failure and, 256 
Afterdepolarizations, delayed, 298-299, 300 
early, 298, 299 
Afterload, 25 
Age, and changes in blood pressure, in 
dog, 796(t) 
and changes in cardiovascular respon- 
siveness, 839 
and risk of infectious endocarditis, in 
dog, 568 
and risk of pericardial/peritoneopericar- 
dial diaphragmatic hernia, in cat, 
683 
in dog, 683 
Air bronchograms, as sign of pulmonary 
edema, 256, 257, 258, 259, 261 
Airway, in basic life support, 429, 431 
Albumin, in management of shock, 279 
Albuterol, adverse effects of, 908(t) 
bronchodilation with, 908(t) 
recommended dosages of, for cat, 908(t) 
for dog, 908(t) 
Aldosterone, 765 
Aldosteronism (Conn’s disease), 765 
electrocardiographic findings in, 765, 
765 
Aliasing, and Doppler-derived blood flow 
velocity, 137, 139-140 
Alpha-adrenergic blocking agents. See also 
Prazosin. 
for hypertension, 805(t), 807 
Alveolar-capillary structure, of lung, 251, 
252 
effects of injury to, 253-254. See also 
Pulmonary edema. 
Ambulatory electrocardiography, 102, 102. 
See also Electrocardiography. 
in detection of arrhythmias and syncope, 
448, 449 


Ambulatory electrocardiography (Continued) 
in detection of canine arrhythmias, 331- 
332. See also Dog(s), electrocardiogra- 
phy in. 
American Cocker spaniel. See also Dog(s). 
dilated cardiomyopathy in, 583 
cardiomegaly accompanying, 591 
radiographic findings associated with, 
591 
Amikacin, for endocarditis, 577(t) 
Aminophylline. See also Theophylline. 
adverse effects of, 908(t) 
as bronchodilator, 908(t) 
for pulmonary edema, 260(t) 
for sick sinus syndrome, in dog, 450 
for tussive syncope, in dog, 453 
recommended dosages of, for cat, 908(t) 
for dog, 904(t), 908(t) 
Amiodarone, 322-323 
adverse effects of, 315(t), 323, 908(t) 
on dog, 367 
drugs interacting with, effects of, 326(t) 
electrocardiographic parameters affected 
by, 311(t), 323 
for arrhythmias, 322, 908(t) 
in dog, 315(t), 350, 354, 363, 366 
for atrial fibrillation, in dog, 354 
for supraventricular tachycardia, in dog, 
350 
for ventricular tachycardia, in dog, 363, 
366 
recommended dosages of, for dog, 
904(t) 
Amlodipine, adverse effects of, 908(t) 
for heart failure, 237(t), 238 
in dog with mitral regurgitation, 552 
for hypertension, 805(t), 908(t) 
for mitral regurgitation and heart failure, 
in dog, 552 
recommended dosages of, for cat, 908(t) 
for dog, 908 (t) 
Amoxicillin, for endocarditis, 577(t) 
Ampicillin, for endocarditis, 577(t) 
Amputation, of paralyzed limb, in cat with 
thromboembolism, 665, 666 
Amrinone, adverse effects of, 908(t) 
for heart failure, 224, 229(t), 234, 908(t) 
recommended dosages of, for dog, 
904(t), 908(t) 
Amyloidosis, cardiac manifestations of, 776 
Analgesics, for cat, 854(t) 
for dog, 854(t) 
Anechoic tissue, 132. See also 
Echocardiography. 


919 


920 INDEX 


Anemia, 789-790 


cardiac manifestations of, 772, 789, 790 


Anesthesia, 853-864 


agents used in, 854(t), 858(t), 861-862 
drug interactions with, 856 
bradycardia induced by, 867 
in cat, 92 
for cardiac catheterization, 174 
monitoring response to, 863-864 
premedicants used in, 858(t), 858-861, 
859(t) 
risks of, 857, 857(t), 858 
Angiocardiography, 187-190 
aortic stenosis on, in dog, 189 
ASD-related findings on, 498-499 
complications associated with, 180 
congenital heart defects on, 475 
DCM-related changes on, in cat, 649, 649 
double-chambered right ventricle on, in 
dog, 481 
HCM-related changes on, in cat, 630, 
633, 662 
mitral valve dysplasia on, 524 
in dog, 189, 525 
normal findings on, in cat, 188 
in dog, /88 
PDA-related findings on, 508-509 
in cat, 189 
in dog, 508 
pulmonic regurgitation on, 559 
pulmonic stenosis on, 481-482 
in dog, 189, 484 
radionuclide, 194, 194 
in evaluation of shunts, 194, 194-195, 
195, 196 
in evaluation of ventricular function, 
195-199, 197, 197(t), 198 
RCM-related changes on, in cat, 644, 644 
subaortic stenosis on, in dog, 189 
tetralogy of Fallot on, 517 
in cat, 514 K 
in dog, 189, 514 
tricuspid valve dysplasia on, 525 
VSD-related findings on, 505 
in dog, 189, 501, 502 
Angiography. Sce also Angiocardiography. 
aortic, distal embolus on, in cat, 660, 662 
Angiotensin-converting enzyme inhibitors, 
240 
for DCM and heart failure, in cat, 651 
in dog, 597 
for HCM, in cat, 635, 636, 640 
for HCM and myocardial infarction, in 
cat, 635 
for heart failure, 237(t), 240-242 
adverse cffects of, 249-243 
in cat with dilated cardiomyopathy, 651 
in dog with dilated cardiomyopathy, 
597 
in dog with mitral regurgitation, 551 
International Small Animal Cardiac 
Health Council recommendations 
regarding, 905(t) 
for hypertension, 805(t), 807-808 
for mitral regurgitation and heart failure, 
in dog, 551 
for myocardial infarction, in cat with hy- 
pertrophic cardiomyopathy, 635 
recommended dosages of, for cat, 903(t) 
for dog, 903(t) 
Angiotensin II, effects of, 211, 211-212 
Anthracyclines, as cardiotoxins, 609 
Antiarrhythmic(s), 307-327, 348-355, 
362-368. See also specific agents, e.g., 
Lidocaine. 
adverse effects of, 315(t) 


Antiarrhythmic(s) (Continued) 
classification of, 307-310, 309(t), 310(t) 
drugs interacting with, effects of, 326(t) 
electrophysiologic and cardiographic pa- 
rameters affected by, 309(t), 310(t), 
311 (t) 
in dog, 361, 361 
in dog with atrial flutter or fibrillation, 
353 
in dog with supraventricular tachycar- 
dia, 349, 350, 351 
emergency use of, 437-438 
parasympathetic effects of, 309(t) 
pharmacokinetics of, 310, 312-313 
recommended dosages of, for cat, 315(t) 
for dog, 315(t), 348-354, 904(t) 
sympathetic effects of, 309(t) 
Antibiotic(s), for endocarditis, 576, 5'77(t) 
for shock, 284(t), 284-285 


Antibiotic prophylaxis, against endocarditis, 


577-578 
against heartworm disease, in cat, 734 
in dog, 721 
Anticholinergics, as preanesthetic agents, 
858(t), 858-859, 859(t) 
Anticoagulant therapy, for 


thromboembolism, in cat, 664-665 


complications associated with, 665, 
665 
Antihypertensives, 805(t), 806-808 
Antiplatelet therapy, for thromboembolism, 
in cat, 665 
Antiprostaglandins, in management of 
shock, 285-286 
Antithyroid drugs, for hyperthyroidism, in 
cat, 786-787, 913(t) 
Anxiolytics, for cat with pulmonary edema, 
260, 260(t) 
for dog with pulmonary edema, 260, 
260(t) 
Aorta, 21 
coarctation of, 494 
descending, compression or cross-clamp- 
ing of, in basic life support, 435 
distal, as site of “saddle” embolism. See 
Embolism, distal aortic. 
thromboembolism of, prevalence of, in 
cat, 467 
Aortic arch(es), 21 
development of, 6-7, 7 
enlarged radiographic appearance of, 
119-120 
right, persistent, 528 
in cat, 528 
in dog, breed predisposition to, 462 
prevalence of, 459(t), 462 
surgery for, 878 
Aortic insufficiency. See Aortic regurgitation. 
Aorticopulmonary septal defect, 528 
pathology of, 826 
Aortic regurgitation, 559 
aortic stenosis and, 492 
echocardiographic findings associated 
with, 492 
in dog, 490 
heart failure associated with, treatment 
of, 228 
heart murmur accompanying, in dog, 61 
Aortic stenosis, 158-159, 485-494 
angiocardiographic findings associated 
with, in dog, 189 
aortic regurgitation accompanying, 492 
echocardiographic findings associated 
with, 492 
in dog, 490 
canine breed predisposition to, 460, 
460(t) 


Aortic stenosis (Continued) 
echocardiographic evidence of, 159, 488, 
489, 490 
in dog, 136, 159, 159, 490, 491, 492 
electrocardiographic findings associated 
with, 490 
in dog, 489 
gross morphology of, in cat, 823 
in dog, 486-487, 488, 822-823 
heart failure associated with, treatment 
of, 228 
heart murmur accompanying, in dog, 60, 
60-61 
myocardial compensation for, 207(t) 
myocardial fibrosis associated with, 487-— 
488 
echocardiographic evidence of, 488, 
489 
prevalence of, in dog, 459(t), 460 
radiographic findings associated with, 
489 
in dog, 491 
surgery for, 872-873 
Aortic valve, 20 
blood flow in or across, Doppler-derived 
velocity of, in cat, 154(t) 
in dog, 154(t) 
regurgitant. See Aortic regurgitation. 
stenosis of. See Aortic stenosis. 
surgical dilation of, 873 
Apex beat, 50 
Apoptosis, 818(t) 
myocardial, heart failure and, 818-819 
Arrhythmia(s), 331-375, 386-398 
abnormal impulse conduction and, 299- 
303 
acquired heart disease and, in cat, 387- 
388 
automaticity and, 296-297, 297, 298 
canine breed predisposition to, 465-466 
cardiomyopathies and, in cat, 387, 387(t) 
in dog, 369 
causes of, 295-303, 296(t), 308(t) 
conduction blocks and, 299-300. See also 
Atrioventricular block. 
congenital heart disease and, in cat, 386- 
387 
consequences of, in cat, 388 
diagnosis of, in cat, 388-389 
in dog, 331-332 
dilated cardiomyopathy and, in cat, 
387 (t) 
treatment of, 650 
in dog, 369-370, 590, 590(t), 591 
treatment of, 597, 598, 895-896 
evidence of drug effectiveness in, 
on ECG, 353 
drugs for. See Antiarrhythmic(s). 
electrocardiographic detection of, 77(t), 
90-100 
in cat, 389-390 
results of. See specific findings cited 
under Cai(s), electrocardiography 
in. 
in dog, 331-332 
results of. See specific findings cited 
under Dog(s), electrocardiography 
in. 
electrocardiographic detection of syn- 
cope accompanying, 448-449, 449 
electrophysiologic mechanisms for, 295- 
303, 296(t) 
enhanced impulse initiation in ectopic 
foci and, 296, 296-299 
frequency of, by type, in dog, 458(t), 
465-466 


Arrhythmia(s) (Continued) 
heart failure and, in cat with cardiomyop- 
athy, 387, 387(t) 
in dog, 224, 371 
treatment of, 224—225 
heart sound variations in relation to, 
57-58 
Holter monitoring for. See also Electrocar- 
diography. 
in dog, 331-332 
Holter monitoring for syncope accompa- 
nying, 448, 449 
hyperthyroidism and, 783(t), 786 
hypertrophic cardiomyopathy and, in cat, 
387, 387(t), 626, 630, 631 (t), 635- 
636 
in cat, 386-398 
in dog, 331-375 
infectious endocarditis and, 573, 575, 576 
junctional, 97 
in dog, 97, 346-347 
management of. See Antiarrhythmic(s); 
Pacemaker. 
modulating factors in, 347 
myocardial diseases and, in cat, 387, 
387(t) 
in dog, 369 
pacemaker for. See Pacemaker. 
pacemaker-induced, 423 
re-entrant activation and, 102, 300-303, 
301. See also Re-entrant tachycardia. 
restrictive cardiomyopathy and, in cat, 
387(t) 
right ventricular dysplasia and. See Ar- 
rhythmogenic right ventricular dysplasia. 
sinus, 92, 92 
substrate for, 347 
supraventricular, in cat, 391-393 
in dog, 338-347 
differentiation of, from ventricular 
arrhythmias, 332(t), 332-338 
P wave and QRS complex in, 
333-334, 336, 337, 338 
QRS complex morphology in, 
333, 333, 334, 335 
unreliability of rhythm (ir)regu- 
larities and pause length in, 
334-335 
vagal maneuvers in, 335-336, 
338, 339, 340 
treatment of, 347-355 
adverse effects of, 351-352 
evidence of drug effectiveness in, 
on ECG, 349, 350, 351, 353 
syncope associated with, 450-451 
electrocardiographic monitoring for, 
448-449, 449 
treatment of, 450, 451 
triggers for, 297-298, 347 
ventricular, in cat, 98, 99, 396-398, 397 
in dog, 98, 99, 99, 355-361 
lethality of, 356-357, 370, 836 
vs. supraventricular arrhythmias. See 
Arrhythmia(s), supraventricular, in 
dog, differentiation of. 
mechanisms for, electrophysiologic, 
296(t) 
Arrhythmogenic right ventricular dysplasia, 
in cat, 653-655, 654, 655, 831-832 
in dog, 609 
in man, 608-609 
Arterial blood pressure. See Blood pressure; 
Hypertension. 
Arterial catheterization, peripheral, in 
CPCR, 441 
in left-sided cardiac catheterization, 
177, 178, 179-180. See also Car- 
diac catheterization. 


Arterial pulse(s), 62-64, 63 
abnormal, in infectious endocarditis, 573 
monitoring of, in CPCR, 440 
Arterial thromboembolism, in cat, 658-667. 
See also Thromboembolism. 
Arteriopathy, pulmonary, plexogenic, 
Eisenmenger’s physiology and, 826 
Arteriotomy, pulmonary, inflow occlusion 
and, for pulmonic stenosis, 870-871, 
871 
Arteriovenous fistulas, 790-791 
cardiac manifestations of, 762, 790 
diagnosis of, 790 
echocardiography in, 790, 791 
Arthritis, infectious endocarditis and, 570 
Ascites, in surgical patient, 857 
significance of, 47 
ASD. See Atrial septal defect. 
Ashman phenomenon, 100, 101 
Aspirin, adverse effects of, 908(t) 
for myalgia, in cat with ischemic limb, 
666 
for thromboembolism, 908(t) 
in cat, 665, 908(t) 
in dog, 908(t) 
recommended dosages of, for cat, 904(t), 
908 (t) 
for dog, 904(t), 908(t) 
for dog with heartworm disease, 713, 
714 
Asystole, ventricular, 99-100 
Atenolol, 321-322 
adverse effects of, 315(t), 322, 908(t) 
electrocardiographic parameters affected 
by, 311(t) 
for arrhythmias, 321, 908(t) 
in cat, 315(t), 398 
in cat with hypertrophic cardiomyopa- 
thy, 636 
in dog, 315(t), 349 
in dog with dilated cardiomyopathy, 
598 
for congenital heart disease, 485(t) 
for DCM and arrhythmias, in dog, 598 
for HCM and arrhythmias, in cat, 636 
for HCM and left ventricular outflow 
tract obstruction, in cat, 639 
in dog, 606 
for HCM and myocardial infarction, in 
cat, 635 
for heart failure, 243 
in cat with hypertrophic cardiomyopa- 
thy, 637 
for hypertension, 805(t), 908(t) 
for hyperthyroidism, 786, 787 
for left ventricular outflow tract obstruc- 
tion, in cat with hypertrophic cardio- 
myopathy, 639 
in dog with hypertrophic cardiomyopa- 
thy, 606 
for myocardial infarction, in cat with hy- 
pertrophic cardiomyopathy, 635 
for supraventricular tachycardia, in dog, 
349 
for ventricular tachycardia, in cat, 398 
recommended dosages of, for cat, 903(t), 
908 (t) 
for dog, 908(t) 
Atrial extrasystoles, 94 
in cat, 391, 391 
in dog, 94 
Atrial fibrillation, 94-95 
in cat, 392, 392 
in dog, 95, 343, 343, 344, 345, 401 
and dilated cardiomyopathy, 588, 591 
lethality of, 601 


INDEX 921 


Atrial fibrillation (Continued) 
occurring asymptomatically, among 
large breeds, 466 
temporary, 354 
treatment of, 352, 354 
evidence of drug effectiveness in, on 
ECG, 353 
murmurs and altered heart sounds associ- 
ated with, 57 
Atrial flutter, 94-95 
in cat, 391-392 
in dog, 95, 342, 342-343, 401 
treatment of, 352 
evidence of drug effectiveness in, on 
ECG, 353 
Atrial septal defect, 157-158, 495-499 
angiocardiographic findings associated 
with, 498-499 
canine breed predisposition to, 462 
corrected, echocardiographic findings fol- 
lowing, in dog, Plate 9 
echocardiographic evidence of, 157-158, 
498 
in dog, 134, 135, 496, Plates 7 & 8 
electrocardiographic findings associated 
with, 498 
in dog, 499 
gross morphology/pathology of, 495-496, 
825 
in cat, 495 
heart murmur accompanying, 61 
ostium primum-type, 495, 825 
echocardiographic findings associated 
with, in dog, 496, Plate 8 
gross morphology of, 825 
in cat, 495 
ostium secundum-type, 157, 495, 825 
echocardiographic findings associated 
with, in dog, 134 
gross morphology of, 825 
in cat, 495 
prevalence of, in dog, 459(t), 462 
shunt(ing) accompanying, 157, 496-497 
echocardiographic findings associated 
with, in dog, 134, 135 
sinus venosus-type, 157, 495, 825 
echocardiographic findings associated 
with, in dog, 135 
surgery for, 873 
echocardiographic findings following, 
in dog, Plate 9 
Atrial standstill, persistent. See 
Atrioventricular myopathy (persistent atrial 
standstill). 
Atrial tachycardia, 96 
in cat, 391, 392 
in dog, ectopic, 341, 341-342 
treatment of, 350-351 
Atrioventricular annulus, measurement of, 
846-847 
Atrioventricular block, 81-84 
in cat, 82, 83, 394-396, 395, 401 
as indication for pacemaker, 403 
in dog, 82, 82, 83, 375, 401 
as indication for pacemaker, 402 
pharmacotherapy for, 909(t) 
with altered heart sounds, 57-58 
Atrioventricular junctional arrhythmias, 97, 
97 
Atrioventricular myopathy (persistent atrial 
standstill), 81, 836-837 
in cat, 392, 658, 836 
electrocardiographic characteristics of, 
81, 81 
in dog, 403, 466, 607-608, 608, 836, 837 
electrocardiographic characteristics of, 
81 
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Atrioventricular myopathy (persistent atrial 
standstill) (Continued) 
hyperkalemia and, 89 
Atrioventricular nodal re-entrant 
tachycardia, in dog, 345-346, 346 
Atrioventricular node, 22 
Atrioventricular node-dependent 
supraventricular tachycardia, in dog, 
338, 345-347 
treatment of, 354-355 
Atrioventricular node-independent 
supraventricular tachycardia, in dog, 
338-345 
treatment of, 348-354 

Atrioventricular orifice, left, 17 
right, 17 

Atrioventricular septal defects, pathology 

of, 825 

Atrioventricular valve(s), 20. See also Mitral 

valve and Tricuspid valve. 

Atrioventricular valve disease, chronic 

acquired. See Endocardiosis. 

Atrioventricular valve dysplasia, 158 
echocardiographic findings associated 

with, 158 
in dog, 158 
pathology of, 824 
Atrium (atria), 16-17. See also Atrial 
entries. 
contraction sequence for, in cardiac pac- 
ing, 411, 412 
left, 15, 17 
blood stasis in, and risk of thrombosis, 
in cat, 659 
and spontaneous echocardiographic 
contrast (“smoke”), 167 
enlargement of. See also Cardiomegaly. 
electrocardiographic findings associ- 
ated with, 78, 78 
radiographic appearance of, 113-116 
opening of, at necropsy, 846 
rupture of, endocardiosis and, 554-* 
555, 555 
right, 15, 16-17 
enlargement of. See also Cardiomegaly. 
electrocardiographic findings associ- 
ated with, 77-78, 78 
radiographic appearance of, 116 
hemangiosarcoma of, 880 
echocardiographic findings associ- 
ated with, 166, 168, 694 
in dog, 166, 687, 694, 880 
surgery for, 880 
opening of, at necropsy, 846 
septum between, 17 
defect in. See Atrial septal defect. 
formation of, 5, 6 
silent. See Atrioventricular myopathy (persis- 
tent atrial standstill). 

Atropine, adverse effects of, 315(t), 909(t) 
as preanesthetic agent, 858(t), 859(t) 
emergency use of, 431(t), 438 
for arrhythmias, in dog, 315(t) 
for atrioventricular block, 909(t) 

in cat, 396 
for bradycardia, 909(t) 
for cardiopulmonary arrest, 431(t), 438 
for cardiovascular drug-induced hypoten- 
sion, in dog, 351 
recommended dosages of, for cat, 904(t), 
909 (t) 
for dog, 904(t), 909(t) 

Attenuation, in ultrasonography, 131 

Auscultation, 50-53, 51, 53. See also Heart 

murmurs; Heart sound(s). 

Automaticity, and arrhythmias, 296-297, 

297, 298 


Automatic junctional tachycardia (ectopic 
junctional tachycardia), in dog, 
346-347 

Axial resolution, in ultrasonography, 131 

Azimuthal resolution (elevational 
resolution), in ultrasonography, 131 


Bacteremia, and endocarditis, 568. See also 
Endocarditis, infectious. 
and shock. See Sepsis and Septic entries. 
Bacterial endocarditis. See Endocarditis, 
infectious. 
Bacterial myocarditis, 833 
in cat, 833 
in dog, 612 
Balloon valvuloplasty, for pulmonic stenosis, 
190, 868 
Banding, of pulmonary artery, in surgery 
for ventricular septal defects, 874, 874 
Basic life support, 429, 431-435, 432. See 
also Cardiopulmonary cerebral 
resuscitation. 
Basset hound. See also Dog(s). 
electrocardiography in, signs of pulmonic 
stenosis and right ventricular hyper- 
trophy on, 482 
Beagle crossbreed. See also Dog(s). 
echocardiography in, heartworm-related 
changes on, 711 
Benazepril, adverse effects of, 909(t) 
for HCM, in cat, 635, 636, 640 
for HCM and myocardial infarction, in 
cat, 635 
for heart failure, 237(t), 242, 909(t) 
for hypertension, 805(t), 909(t) 
for myocardial infarction, in cat with hy- 
pertrophic cardiomyopathy, 635 
recommended dosages of, for cat, 909(t) 
for dog, 909(t) 
Benzodiazepines, as preanesthetic agents, 
858(t), 859(t), 860 
Beta-adrenergic blocking agents. See also 
specific drugs, e.g., Propranolol. 
cardioselectivity of, 311(t) 
for arrhythmias, 315(t) 
in cat, 398 
in cat with hypertrophic cardiomyopa- 
thy, 636 
in dog, 348, 352 
in dog with dilated cardiomyopathy, 
598 
for atrial fibrillation, in dog, 352 
for DCM, in cat, 652 
in man, 652 
for DCM and arrhythmias, in dog, 598 
for HCM, 218 
in cat, 635, 636, 637, 639 
for HCM and arrhythmias, in cat, 636 
for HCM and left ventricular outflow 
tract obstruction, in cat, 639 
in dog, 606 
for HCM and myocardial infarction, in 
cat, 635 
for heart failure, 243-244 
adverse effects of, 244 
in cat with hypertrophic cardiomyopa- 
thy, 637 
International Small Animal Cardiac 
Health Council recommendations 
regarding, 905(t) 
for hypertension, 805(t), 806-807 
for hyperthyroidism, 786, 787 
for left ventricular outflow tract obstruc- 
tion, in cat with hypertrophic cardio- 
myopathy, 639 


Beta-adrenergic blocking agents (Continued) 
in dog with hypertrophic cardiomyopa- 
thy, 606 
for myocardial infarction, in cat with hy- 
pertrophic cardiomyopathy, 635 
for supraventricular tachycardia, in dog, 
348 
for surgical patient, 856 
for ventricular tachycardia, in cat, 398 
recommended dosages of, for cat, 903(t) 
for dog, 903(t) 
Bicarbonate, use of, in CPCR, 431(t), 438 
in management of shock, 286 
Bidirectional shunt, atrial septal defect and, 
in dog, echocardiographic findings 
associated with, 135 
Bioavailability, drug, dosage calculations 
based on, 310 
Bipolar pacemaker, 409, 410. See also 
Pacemaker. 
Bipyridine compounds (PDE III inhibitors), 
for heart failure, 224, 229(t), 234-235 
Blalock anastomosis, in surgery for 
tetralogy of Fallot, 875, 875 
Bleeding, gastrointestinal, shock and, 286 
secondary to warfarin therapy, in cat, 
665, 665 
Blood, hypercoagulability of, secondary to 
shock, 287 
viscosity of, 33 
increase in, cardiac manifestations of, 
772-773 
Blood cysts, in tricuspid valve, prevalence 
of, in dog, 463-464 
Blood flow. See also Circulation. 
coronary, 33-34, 34 
fetal, 8, 8 
transition from, to circulation in new- 
born animal, 8-9 
laminar, 137 
monitoring of, in CPCR, 440 
regurgitant, quantification of, via Dopp- 
ler echocardiography, 154 
sites of. See Aortic regurgitation; Mitral re- 
gurgitation; etc. 
Reynold’s number for, 137 
turbulent, 137 
velocity of, Doppler-derived. See Doppler 
echocardiography, blood flow velocity de- 


rived from. 
Blood pressure, 798-800. See also 
Hypertension. 
effect of pacemaker on, 411 
in dog, 412 


heart rate in relation to, 28, 28 
in cat, 796(t) 
elevated, 468 
pharmacotherapy for, 805(t) 
in dog, 796(t) 
breed differences in, 797(t) 
changes in, with aging, 796(t) 
elevated, 468, 797 
pharmacotherapy for, 805(t) 
measurement of, 803-804 
monitoring of, in anesthetized patient, 
863 
in CPCR, 440 
in management of shock, 280-281 
regulation of, 798-800 
Blood products, in management of shock, 
279-280 
Blood sample, as source for culture, in 
diagnosis of IE, 575. See also 
Endocarditis, infectious. 
Blood stasis, in left atrium, and risk of 
thrombosis, in cat, 659 


Blood stasis (Continued) 
and spontaneous echocardiographic 
contrast (“smoke”), 167, 636 
Body weight, excessive, cardiac 
manifestations of, 776 
loss of, causes of, 44, 47, 744 
ratio of heart weight to, 847 
in cat, 847(t) 
in cat with cardiomyopathy, 847(t) 
in dog, 847(t) 
Borrelia burgdorferi infection, in dog, 612 
and myocarditis, 612 
Bowel, embolization to, in infectious 
endocarditis, 571 
Boxer. See also Dog(s). 
arrhythmias in, cardiomyopathy and, 369 
atrial septal defect in, echocardiographic 
findings associated with, 134 
cardiomyopathy and arrhythmias in, 369 
dilated cardiomyopathy in, 583, 584 
electrocardiographic findings associ- 
ated with, 590, 590(t) 
pacemaker problems in, electrocardio- 
graphic evidence of, 424 
vasovagal syncope in, 452 
Brachial artery embolization, in cat, 
sequelae of, 660 
Bradyarrhythmias. See also Bradycardia. 
in cat, 390, 401 
and syncope, 451 
as indication for pacemaker, 400, 403 
in dog, 371-375, 401 
and syncope, 451 
as indication for pacemaker, 400, 402- 
403 
with altered heart sounds, 57-58 
Bradycardia. See also Bradyarrhythmias. 
anesthesia-induced, 867 
in cat, 92 
pharmacotherapy for, 909(t) 
sinus, 91 
in cat, 390 
surgical anesthetic complications 
and, 92 
Brain, diseases of, cardiac manifestations 
of, 772 
embolization to, in infectious endocardi- 
tis, 571 
Breathing, in basic life support, 431-433 
observation of, in diagnosis of cardiovas- 
cular disease, 46 
Breed predisposition. See Canine breed 
predisposition; Feline breed predisposition. 
Bretylium, 323 
adverse effects of, 315(t), 323, 909(t) 
emergency use of, 437-438 
for arrhythmias, 323, 909(t) 
in dog, 315(t) 
for cardiopulmonary arrest, 437-438 
for ventricular fibrillation, 909(t) 
recommended dosages of, for dog, 
909(t) 
Brock procedure (modified), for pulmonic 
stenosis, 869-870 
Bronchi, collapse of, 121 
Bronchodilators, for pulmonary edema, 
259-260, 260(t) 
Bull terrier. See also Dog(s). 
aortic stenosis in, gross morphology of, 
488 
Bulldog. See also Dog(s). 
echocardiography in, cardiac tumor on, 
166 
pulmonic stenosis on, 486 
Bumetanide, for heart failure, 909(t) 
Bundle branch block, 84, 84-85, 85 


Butorphanol, adverse effects of, 909(t) 
analgesic dosages of, 909(t) 
cough-suppressant dosages of, 904(t), 

909(t) 
for tussive syncope, in dog, 453 
recommended dosages of, for cat, 909(t) 
for dog, 904(t), 909(t) 
with acepromazine, for anxiety, in cat 
with pulmonary edema, 260, 260(t) 
Butyrophenones, as preanesthetic agents, 
858(t), 859(t), 860 
Bypass tract-mediated macro-re-entrant 
tachycardia, in dog, 347, 355 


Cachexia, cardiac, 47, 48, 744-745 
Cage rest, for dog with heartworm disease, 
714-715 
Calcium balance, disturbances of. See 
Calcium deficit; Calcium excess. 
Calcium channel blockers. See also specific 
agents, e.g., Diltiazem. 
adverse effects of, 315(t), 325 
and hypotension, in dog, 351 
drugs interacting with, effects of, 326(t) 
for arrhythmias, 315(t), 324 
in cat, 393 
in dog, 348, 352 
for atrial fibrillation, in dog, 352 
for HCM, 218 
for heart failure, 237(t), 238, 244-245 
for hypertension, 805(t), 808 
recommended dosages of, for cat, 903(t) 
for dog, 903(t) 
risks of use of, in therapy for myocardial 
infarction, in cat, 635, 639 
Calcium deficit, 769 
electrocardiographic characteristics of, 
768, 769, 784 
post-thyroidectomy, in cat, 788-789 
electrocardiographic characteristics 
of, 784 
Calcium excess, 768-769 
electrocardiographic characteristics of, 
768, 768 
Calcium gluconate, emergency use of, 
431(t), 438 
for hypocalcemia, in thyroidectomized 
cat, 789 
Calcium ipodate, for hyperthyroidism, 787 
Cancer, cardiac. See Heart, tumors of. 
chemotherapy for, cardiotoxicity of, in 
cat, 657 
in dog, 609 
Canine breed predisposition. See also 
Dog(s). 
to arrhythmias, 465-466 
to cardiogenic syncope, 451 (t) 
to chronic valvular heart disease, 463, 
463 (t) 
to congenital heart disease, 459(t)— 
461(t), 463(t), 472(t) 
to dilated cardiomyopathy, 582(t), 582- 
583, 583, 584 
to endocardiosis, 463, 463(t), 540, 541. 
See also King Charles spaniel, endocar- 
diosis in. 
to respiratory disease, 43(t) 
to sick sinus syndrome, 355, 466 
to valvular heart disease, 459(t)—461 (t), 
460, 461, 462, 463, 463(t) 
Captopril, adverse effects of, 909(t) 
for HCM and myocardial infarction, in 
cat, 635 
for heart failure, 241, 909(t) 
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Captopril (Continued) 
for hypertension, 805(t), 909(t) 
for myocardial infarction, in cat with hy- 
pertrophic cardiomyopathy, 635 
recommended dosages of, for cat, 903(t), 
909(t) 
for dog, 903(t), 909(t) 
Carbenicillin, for endocarditis, 577(t) 
Carbimazole, for hyperthyroidism, 787 
Carbon dioxide partial pressure, 
monitoring of, in CPCR, 441 
Cardiac cachexia, 47, 48, 744-745 
Cardiac catheterization, 173-180 
anesthesia for, 174 
balloon dilation via, for pulmonic steno- 
sis, 190, 868 
coil occlusion via, for patent ductus arte- 
riosus, 190 
in dog, 511, 512 
complications associated with, 180 
conditions contraindicating, 174 
electrophysiologic applications of, 190 
equipment for, 174, 175, 176, 177 
guidewires used in, 177 
hemodynamic monitoring via. See Hemo- 
dynamic monitoring. 
imaging during. See Angiocardiography. 
indications for, 173-174 
interventional, 866-867 
for patent ductus arteriosus, 190 
in dog, 511, 512 
for pulmonic stenosis, 190 
left-sided, 177, 178, 179-180 
` patient preparation for, 174 
right-sided, 177, 178 
percutaneous (Seldinger) approach to, 
174-175 
valvuloplasty via, for pulmonic stenosis, 
190 
vascular cutdown facilitating, 175 
Cardiac cycle, 33-35, 34 
Cardiac disease. See Heart disease(s). 
Cardiac jelly, 4 
Cardiac loop. See also Heart. 
formation of, 3-4, 4 
development following, 4, 5 
Cardiac massage, in basic life support, 
434-435 
Cardiac output, 184 
high, anemia and, 789 
arteriovenous fistula and, 790 
conditions causing, 781-791 
heart failure in presence of, 781 
hyperkinetic conditions and, 781 
hypermetabolic conditions and, 781 
hyperthyroidism and, 782 
low, heart failure in presence of, 225 
measurement of, 183-186, 185 
Cardiac silhouette, 108, 111(t). See also 
Cardiomegaly. 
Cardiac tamponade, 689-690 
echocardiographic findings associated 
with, 164 
in dog, 165 
pathophysiology of, 689, 689-690, 690 
pericardial effusion and. See Pericardial ef- 
fusion. 
pericardiocentesis for, 694-695 
Cardiac ultrasonography. See 
Echocardiography. 
Cardiac valve(s). See Heart, valve(s) of. 
Cardiogenic pulmonary edema. See Heart 
failure. 
Cardiogenic shock, 272-273, 273(t). See 
also Shock. 
Cardiogenic syncope, 446, 450-452 
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Cardiogenic syncope (Continued) 
canine breed predisposition to, 451 (t) 
Cardiomegaly, 111-117, 112 
congenital heart discase and, 474-475 
dilated cardiomyopathy and. See also Di- 
lated cardiomyopathy. 
in cat, 648 
in dog, 256, 591, 591, 592 
electrocardiographic findings associated 
with, 77-80, 78-80 
endocardiosis and, 113 


hypertrophic cardiomyopathy and, in cat, 


114, 115, 258, 630, 631 
in dog, 604, 605 
restrictive cardiomyopathy and, in cat, 
644 
thromboembolism and, in cat, 661 
tricuspid regurgitation and, 557 
in dog, 114 
Cardiomyopathy (cardiomyopathies), 
581-612, 621-658 
arrhythmias associated with, in cat, 387, 
387(t) 
in dog, 369 
congestive. See Dilated cardiomyopathy. 
dilated. See Dilated cardiomyopathy. 
Duchenne’s, in dog, 607, 607, 832 
echocardiographic findings associated 
with, 161-163 
in cat, 633-634, 644, 648-649 
in dog, 591-594, 605, 607 
electrocardiographic findings associated 
with, in cat, 630, 631(t), 643-644, 
648 
in dog, 590(t), 590-591, 605 
heart failure and arrhythmias associated 
with, in cat, 387, 387(t) 
in cat, 621-658 
in dog, 581-612, 582(t) 
infiltrative, 698. See also Heart, tumors of. 
in cat, 657, 657, 688, 694 
in dog, 610 
ischemic. Sec Ischemia, myocardial. 
prevalence of, in cat, 465 
in dog, 464-465 
radiographic findings associated with, in 
cat, 630, 631, 632, 644, 648, 648 
in dog, 591, 591, 592, 604, 605 
restrictive. Sce Restrictive cardiomyopathy. 
right ventricular, in cat, 653-655, 654, 
655, 831-832 
in dog, 609 
in man, 608-609 
uremic, 770 
weight ratios affected by, in cat, 847(t) 
Cardiopulmonary arrest, 427-428 
Cardiopulmonary cerebral resuscitation, 
427-44] 
advanced life support in, 435-437, 436 
basic life support in, 429, 431-435, 432 
defibrillation in, 438-439 
drugs used in, 431(t), 437-438 
routes of administration for, 435-437 
equipment for, 429 
monitoring in, 439-441 
personnel for, 428 
readiness for, 428—429 
checklist establishing, 430(t) 
Cardiopulmonary diseases, 759-762 
Cardioselectivity, of beta-adrenergic 
blocking agents, 311(t) 
Cardiotoxicity, of chemotherapeutic agents, 
in cat, 657 
in dog, 609 
Cardiovascular disease. See also Heart 
disease(s) and specific conditions. 


Cardiovascular disease (Continued) 
diagnosis of, 41-64 
angiocardiography in. See Angiocardiog- 
raphy. 
auscultation in, 50-53, 51, 53. See also 
Heart murmurs; Heart sound(s). 
electrocardiography in. See Electrocardi- 
ography. 
history in, 41-45, 42(t) 
phonocardiography in. See Phonocardi- 
ography. 
physical examination in, 46-64 
radiography in. See Radiography. 
specialized imaging techniques in, 
193-200 
ultrasonography in. See Echocardiogra- 
phy. 
drugs for. See Antiarrhythmic(s); Cardiovas- 
cular drugs. 
prevalence of, 457-468 
signs of, 42-64, 43(t), 47(t) 
interpretation of, 42 
surgery for. See Surgery. 
Cardiovascular drugs. See also specific 
classes and agents. 
body distribution of. See specifics cited 
under Drug(s). 
emergency use of, 431 (t), 437-438 
routes for, 435-437 
recommended dosages of, for cat and 
dog, 903(t)-917(t) 
side effects of, 908(t)—917(t) 
and hypotension, in dog, 351, 351 
and syncope, 453 
Cardiovascular system. See also Heart. 
anatomy of, 13-23 
disorders of. See Cardiovascular disease 
and specific conditions. 
physiology of, 25-36. See also Heart, elec- 
trophysiology of. 
Cardioversion, in CPCR, 438-439 
with antiarrhythmics. See Antiarrhyth- 
mic(s). 

Carnitine, 746 

deficiency of, 746-747 
in cat, 748 
in dog, and cardiomyopathy, 586, 747 

Carnitine supplementation, for dog, 748, 
909(t) 

Carotid artery, left-sided cardiac 
catheterization via, 178, 179. See also 
Cardiac catheterization. 

Carotid sinus hypersensitivity, and syncope, 
452 

Carotid sinus massage, 450 

in differentiation of tachyarrhythmias, in 
dog, 335-336, 339 
in provocative testing for syncope, 450 
Carvedilol, for heart failure, 243 
Cat(s). See also Feline breed predisposition. 
acquired heart disease in. See also Ac- 
quired heart disease. 
arrhythmias associated with, 387-388 
prevalence of, 465 
acromegaly in, 656 
cardiovascular abnormalities associated 
with, 656 
analgesics for, 854(t) 
anesthetics for, 854(t), 858(t). See also 
Anesthesia. 
angiocardiography in, 188 
DCM-related changes on, 649, 649 
HCM-related changes on, 630, 633, 
662 
normal findings on, 188 
PDA-related findings on, 189 


Cat(s) (Continued) 
RCM-related changes on, 644, 644 
signs of tetralogy of Fallot on, 514 
aortic embolism in. See under Embolism. 
aortic stenosis in, gross morphology of, 
823 
aortic valve blood flow velocity in, Dopp- 
ler-derived, 154(t) 
arrhythmias in, 386-398. See also Arrhyth- 
mia(s). 
acquired heart disease and, 387-388 
cardiomyopathy and, 387, 387(t) 
congenital heart discase and, 386-387 
dilated cardiomyopathy and, 387(t) 
treatment of, 650 
electrocardiographic detection of, 389- 
390. See also Cat(s), electrocardiogra- 
phy in. 
heart failure accompanying cardiomy- 
opathy and, 387, 387(t) 
hyperkalemia and, 388 
hyperthyroidism and, 388 
hypertrophic cardiomyopathy and, 387, 
387(t), 626, 630, 631(t), 635-636 
myocardial diseases and, 387, 387(t) 
potassium excess and, 388 
restrictive cardiomyopathy and, 387(t) 
supraventricular, 391-393 
syncope associated with, 450, 451 
thyrotoxicosis and, 388 
treatment of, 315(t), 390, 392, 393, 
394, 396, 397, 398 
ventricular, 98, 99, 396-398, 397 
arrhythmogenic right ventricular dyspla- 
sia in, 653-655, 654, 655, 831-832 
arterial thromboembolism in, 658-667. 
See also Thromboembolism. 
atrial extrasystoles in, 391, 397 
atrial fibrillation in, 392, 392 
atrial flutter in, 391-392 
atrial septal defect in, gross morphology 
of, 495 
atrial tachycardia in, 391, 392 
atrioventricular block in, 82, 83, 394-396, 
395, 401 
as indication for pacemaker, 403 
atrioventricular myopathy (persistent 
atrial standstill) in, 392, 658, 836 
bacterial myocarditis in, 833 
blood pressure in, 796(t) 
elevated, 468, 656-657, 797. See also 
Hypertension. 
pharmacotherapy for, 805(t) 
body weight loss in, 44 
body weight of, ratio of heart weight to, 
847(t) 
as affected by cardiomyopathy, 
847/(t) 
brachial artery embolization in, sequelae 
of, 660 
bradyarrhythmias in, 390, 401. See also 
Cat(s), bradycardia in. 
and syncope, 451 
as indication for pacemaker, 400, 403 
bradycardia in. See also Cai(s), bradyar- 
rhythmias in. 


sinus, 390 
surgical anesthetic complications 
and, 92 


syncope associated with, 451 

bundle branch block in, 84, 85 

cancer chemotherapy in, cardiotoxicity 
of, 657 

cardiac blood flow in, across valves, Dopp- 
ler-derived velocity of, 154(t) 

cardiac tumors in, 657, 657, 688, 698- 
699, 836 


Cat(s) (Continued) 
echocardiographic findings associated 
with, 694 
prevalence of, 467 
cardiomegaly in. See also Cardiomegaly. 
dilated cardiomyopathy and, 648 
hypertrophic cardiomyopathy and, /14, 
115, 258, 630, 631 
restrictive cardiomyopathy and, 644 
thromboembolism and, 661 
cardiomyopathy in, 621-658, 622(t). See 
also Cardiomyopathy (cardiomyopathies) 
and specific types. 

cardiovascular drug dosages for, 903(t)— 
917(t) 

chemotherapeutic agents used in, cardio- 
toxicity of, 657 

collapse of, syncopal. See Cat(s), syncope 
in. 

color-flow Doppler echocardiography in, 
ventricular septal defect on, Plate 5 

congenital heart disease in. See Congeni- 
tal heart disease. 

continuous-wave Doppler echocardiogra- 
phy in. See also Cat(s), Doppler echocar- 
diography in. 

hypertrophic cardiomyopathy on, 627 
mitral stenosis on, 136 
valvular stenosis on, 136 

dilated cardiomyopathy in, 645-652. See 
also Dilated cardiomyopathy. 

dirofilariasis in, 727-734. See also Heart- 
worm disease. 

distal aortic embolism in. See under Em- 
bolism. 

Doppler echocardiography in. See also 
Cat(s), echocardiography in; Doppler echo- 
cardiography. 

aortic valve blood flow velocity derived 
from, 154(t) 
hypertrophic cardiomyopathy on, 627, 
633-634 
mitral stenosis on, 136 
mitral valve blood flow velocity derived 
from, 154(t), 624 
abnormal, 624 
pulmonic valve blood flow velocity de- 
rived from, 154(t) 
tricuspid valve blood flow velocity de- 
rived from, 154(t) 
valvular blood flow velocities derived 
from, 154(t) 
valvular stenosis on, 136 
ventricular septal defect on, Plate 5 
dysplastic right ventricle in. See Cat(s), ar- 
rhythmogenic right ventricular dysplasia 
an. 

echocardiography in. See also Echocardiog- 
raphy. 

aortic valve blood velocity derived 
from, 154(t) 

cardiac tumor on, 694 

cardiomyopathy on, 633-634, 644, 
648-649 

dilated cardiomyopathy on, 648, 648- 
649 

dirofilariasis-related changes on, 731, 
733 

heartworm-related changes on, 731, 
733 

hypertrophic cardiomyopathy on, 626, 
627, 629, 633, 633-634 

infiltrative cardiomyopathy on, 694 

left ventricular outflow tract obstruc- 
tion on, hypertrophic cardiomyop- 
athy and, 626, 627 


Cat(s) (Continued) 


mitral regurgitation on, hypertrophic 
cardiomyopathy and, 627 
mitral stenosis on, 136 
mitral valve blood flow velocity derived 
from, 154(t), 624 
abnormal, 624 
normal findings on, 146(t) 
pleural effusion on, 165, 168 
pulmonic valve blood velocity derived 
from, 154(t) 
restrictive cardiomyopathy on, 643, 644 
“smoke” (spontaneous contrast) on, 
HCM and, 633 
tricuspid valve blood flow velocity de- 
rived from, 154(t) 
valvular blood flow velocities derived 
from, 154(t) 
valvular stenosis on, 136 
ventricular septal defect on, Plate 5 
electrocardiography in, 75, 75(t), 389- 
390. See also Electrocardiography. 
arrhythmia detection via, 389-390 
atrial extrasystoles on, 391, 397 
atrial fibrillation on, 392, 392 
atrial flutter on, 391 
atrial tachycardia on, 391, 392 
atrioventricular block on, 82, 83, 394- 
395, 395, 401 
bradyarrhythmias on, 401 
anesthesia-induced, 92 
bundle branch block on, 84, 85 
cardiomyopathic changes on, 630, 
631(t), 643-644, 648 
DCM-related changes on, 648 
fascicular block on, 85 
first-degree atrioventricular block on, 
82 
HCM-related changes on, 630, 631 (t) 
left atrial enlargement manifested on, 
78 
left bundle branch block on, 84 
left ventricular enlargement mani- 
fested on, 79, 80, 80 
persistent atrial standstill on, 81, 81 
RCM-related changes on, 631(t), 643- 
644 
right bundle branch block on, 85 
right ventricular enlargement mani- 
fested on, 79 
second-degree atrioventricular block 
on, 83, 401 
sinus bradycardia on, surgical anesthe- 
tic complications and, 92 
sinus nodal disturbances on, 390 
sinus tachycardia on, hyperthyroidism 
and, 90, 90 
supraventricular arrhythmias on, 391 
third-degree atrioventricular block on, 
401 
thromboembolism manifested on, 661 
ventricular arrhythmias on, 98, 99, 396, 
397 
ventricular extrasystoles on, 396, 396 
ventricular pre-excitation on, 393, 394 
embolism in. See Embolism, aortic; Throm- 
boembolism, in cat. 
endocardial fibroelastosis in, 527, 652, 
827 
endocarditis in, infectious. See Endocardi- 
tis, infectious. 
endomyocardial fibrosis in, 465, 831, 831 
endomyocardial form of RCM in, 641, 
642, 643, 643. See also Restrictive car- 
diomyopathy. 
endomyocarditis in, 465, 832. See also En- 
docarditis and Myocarditis. 
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Cat(s) (Continued) 


excessive left ventricular moderator 
bands in, 465, 655-656, 656, 827 
heart failure associated with, 832 
fascicular block in, 85 
fibrillation in, atrial, 392, 392 
first-degree atrioventricular block in, 82, 
394, 395 
flutter (atrial flutter) in, 391-392 
growth hormone excess in, 656 
cardiovascular abnormalities associated 
with, 656 
heart disease in. See Heart disease(s). 
heart failure in. See Heart failure. 
heart sounds/heart murmurs in, hyper- 
trophic cardiomyopathy and, 628, 
630, 630 
heart weight to body weight ratio in, 
847(t) 
as affected by cardiomyopathy, 847 (t) 
heartworm disease in, 727-734. See also 
Heartworm disease. 
hemorrhage in, secondary to warfarin 
therapy, 665, 665 
hypereosinophilic syndrome in, 643 
hyperkalemia in, arrhythmias associated 
with, 388 
reperfusion of ischemic limb and, 666 
hypersomatotropism in, 656 
cardiovascular abnormalities associated 
with, 656 
hypertension in, 468, 656-657, 797. See 
also Hypertension, 
~ pharmacotherapy for, 805(t) 
hyperthyroidism in. See Hyperthyroidism. 
hypertrophic cardiomyopathy in, 624- 
641. See also Hypertrophic cardiomyopa- 
thy. 
hypokalemia in, potassium supplements 
countering, 915(t) 
idiopathic myocardial failure in, 631(t), 
645-652. See also “in cat” sub-sub- 
entries under Dilated cardiomyopathy. 
infectious endocarditis in. See Endocardi- 
tis, infectious. 
infectious peritonitis in, pericardial le- 
sions accompanying, 688 
infiltrative cardiomyopathy in, 657, 657, 
688, 694 
intraventricular conduction abnormalities 
in, 398 
jugular venous distention in, significance 
of, 48 
left atrial enlargement in, electrocardio- 
graphic findings associated with, 78 
left bundle branch block in, 84 
left ventricular enlargement in, electro- 
cardiographic findings associated 
with, 79, 80, 80 
left ventricular outflow tract obstruction 
in, hypertrophic cardiomyopathy 
and, 626, 626, 627 
treatment of, 639 
limb contracture in, HCM-related throm- 
boembolism and, 663 
limb paralysis in, amputation in manage- 
ment of, 665, 666 
dilated cardiomyopathy and, 647 
hypertrophic cardiomyopathy and, 628, 
660 
reperfusion following, complicated by 
hyperkalemia, 666 
thromboembolism and, 44, 660, 660 
low-sodium diet for, 741(t). See also Low- 
sodium diet. 
lymphosarcoma in, 836 
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Cat(s) (Continued) 
and infiltrative cardiomyopathy, 657, 
688, 694 
mid-left ventricular gradient in, hypertro- 
phic cardiomyopathy and, 627 
mitral regurgitation in. See also Mitral re- 
gurgilation. 
hypertrophic cardiomyopathy and, 627, 
627 
mitral stenosis in, echocardiographic 
findings associated with, 136 
pathology of, 823 
mitral valve blood flow velocity in, Dop- 
pler-derived, 154(t), 624 
abnormal, 624 
M-mode echocardiography in. See also 
Cai(s), echocardiography in. 
hypertrophic cardiomyopathy on, 626, 
627 
normal findings on, 146(t) 
pleural effusion on, 168 
Mobitz-type atrioventricular block in, 83, 
395, 395 
myocardial disease in, 621-658, 622(t). 
See also Cardiomyopathy (cardiomyopa- 
thies) and specific types. 
myocardial form of RCM in, 641, 642, 
642. See also Restrictive cardiomyopa- 
thy. 
myocardial infarction in, hypertrophic 
cardiomyopathy and, 635, 837, 838 
myocardial ischemia in, hypertrophic car- 
diomyopathy and, 625-626 
myocarditis in, 657, 657, 820, 832, 833. 
See also Cat(s), endomyocarditis in. 
ostium primum type atrial septal defect 
in, gross morphology of, 495 
ostium secundum-type atrial septal de- 
fect in, gross morphology of, 495 
pacemaker for. See Pacemaker. 
patent ductus arteriosus in, angiocardio- 
graphic findings associated with, 489 
pericardial disease in, 466, 679, 681-698, 
683, 688. See also Pericardial entries. 
peritonitis in, infectious, pericardial le- 
sions accompanying, 688 
persistent atrial standstill (atrioventricu- 
lar myopathy) in, 392, 658, 836 
electrocardiographic characteristics of, 
81, 81 
persistent right aortic arch in, 528 
phonocardiography in, HCM-related 
changes on, 630 
pleural effusion in, dilated cardiomyopa- 
thy and, 648 
echocardiographic findings associated 
with, 165, 168 
radiographic findings associated with, 
648 
potassium excess in, arrhythmias associ- 
ated with, 388 
reperfusion of ischemic limb and, 666 
potassium supplements for, 915(t) 
preanesthetic drugs for, 858(t). See also 


Anesthesia. 
pulmonary edema in. See also Pulmonary 
edema. 
anxiety reduction in treatment of, 260, 
260(t) 


heart failure and, 258 
hypertrophic cardiomyopathy and, 258, 
628, 630, 632 
treatment of, 261, 637-638 
radiographic findings associated with, 
258, 258 
pulmonic stenosis in, pathology of, 823. 
See also Pulmonic stenosis. 


Cat(s) (Continued) 


pulmonic valve blood flow velocity in, 
Doppler-derived, 154(t) 
radiography in. See also Radiography. 
cardiomegaly on, dilated cardiomyopa- 
thy and, 648 
hypertrophic cardiomyopathy and, 
258, 630, 631 
restrictive cardiomyopathy and, 644 
thromboembolism and, 661 
cardiomyopathic changes on, 630, 631, 
632, 644, 648, 648 
DCM-related changes on, 648, 648 
dirofilariasis-related changes on, 123, 
731, 731 
features of heart failure on, 258 
HCM-related changes on, 114, 115, 
258, 630, 631, 632 
heartworm-related changes on, 123, 
731, 731 
pleural effusion on, dilated cardiomy- 
opathy and, 648 
pulmonary edema on, 258 
HCM and, 630, 632 
heart failure and, 258 
hypertrophic cardiomyopathy and, 
258 
RCM-related changes on, 644 
thoracic conformation on, 110 
renal infarction in, thromboembolism 
and, 661 
reperfusion syndrome in, hyperkalemia 
due to, 666 
restrictive cardiomyopathy in, 641-645. 
See also Restrictive cardiomyopathy. 
right bundle branch block in, 84 
right ventricular cardiomyopathy in, 653- 
655, 654, 655, 831-832 
right ventricular enlargement in, electro- 
cardiographic findings associated 
with, 79 
right ventricular outflow tract obstruction 
in, hypertrophic cardiomyopathy 
and, 628 
second-degree atrioventricular block in, 
83, 394-395, 395, 401 
sedatives for, 854(t) 
sinus bradycardia in, 390 
surgical anesthetic complications and, 
92 
sinus nodal disturbances in, 390 
sinus tachycardia in, 390 
hyperthyroidism and, 90, 90 
sodium-restricted diet for, 741(t). See 
also Sodium-restricted diet. 
subaortic stenosis in, gross morphology 
of, 823 
supraventricular arrhythmias in, 391-393, 
392 
syncope in. See also Syncope. 
bradyarrhythmias and, 451 
hypertrophic cardiomyopathy and, 636 
tachyarrhythmias and, 450 
systemic hypertension in, 656-657 
tachyarrhythmias in. See also Cat(s), ar- 
rhythmias in. 
hyperthyroidism and, 783(t), 786 
hypertrophic cardiomyopathy and. See 
under Arrhythmia(s), hypertrophic car- 
diomyopathy and. 
supraventricular, 391-393 
syncope associated with, 450 
ventricular, 98, 99, 396-398, 397 
tachycardia in, atrial, 391, 392 
sinus, 390 
hyperthyroidism and, 90, 90 


Cat(s) (Continued) 
supraventricular, 391, 392 
ventricular, 397-398 
taurine deficiency in, and dilated cardio- 
myopathy, 645-646, 750-751 
supplements countering, 637, 650, 751, 
916(t) 
tetralogy of Fallot in, angiocardiographic 
findings associated with, 514 
pathology of, 826 
third-degree atrioventricular block in, 
395, 395, 401 
as indication for pacemaker, 403 
thrombosis in, 658-667. See also Thrombo- 
embolism, in cat. 
thyrotoxic heart disease in. See Thyrotoxic 
heart disease. 
tricuspid valve blood flow velocity in, 
Doppler-derived, 154(t) 
two-dimensional echocardiography in, 
cardiac tumor on, 694 
dirofilariasis-related changes on, 733 
heartworm-related changes on, 733 
hypertrophic cardiomyopathy on, 626, 
627, 629, 633 
mitral regurgitation on, hypertrophic 
cardiomyopathy and, 627 
pleural effusion on, 165 
restrictive cardiomyopathy on, 643 
spontaneous contrast (“‘smoke’’) on, 
hypertrophic cardiomyopathy and, 
633 
vagal maneuvers in, aiding diagnosis of 
arrhythmias, 389 
valvular heart disease in, 136, 462, 463, 
823 
ventricular arrhythmias in, 98, 99, 396- 
398, 397 
ventricular extrasystoles in, 396, 396, 397, 
398 
ventricular pre-excitation in, 393, 393- 
394 
ventricular septal defect in, echocardio- 
graphic findings associated with, 
Plate 5 
gross morphology of, 500 
ventricular tachyarrhythmias in, 98, 99, 
396-398, 397 
ventricular tachycardia in, 397-398 
weight loss in, 44 
weight of, ratio of heart weight to, 847(t) 
as affected by cardiomyopathy, 
847(t) 
Catecholamine-secreting tumors, 765-766 
Catheterization, cardiac. See Cardiac 
catheterization. 
central venous, in CPCR, 441 
peripheral arterial, in CPCR, 441 
in left-sided cardiac catheterization, 
177, 178, 179-180. See also Car- 
diac catheterization. 
Caudal vena cava, 17 
radiographic appearance of, interpreta- 
tion of, 120 
Caval syndrome, in dog with heartworm 
disease, 718-719 
surgery for, 879 
Cefaclor, for endocarditis, 577(t) 
Cefazolin, for endocarditis, 577(t) 
Cefotaxime, for endocarditis, 577(t) 
Cefoxitin, for endocarditis, 577(t) 
Cell death, 818(t) 
myocardial, in heart failure, 818-819 
Central cyanosis, 48-49 
Central nervous system, diseases of, cardiac 
manifestations of, 772 


Central nervous system (Continued) 
syncope due to, 447, 452-453 
Central venous catheterization, in CPCR, 
441 
Central venous pressure monitoring, in 
care of anesthetized patient, 863 
in management of shock, 280 
Cephalexin, for endocarditis, 577 (t) 
Cephalosporins, for endocarditis, 577(t) 
for shock, 284(t), 285 
Cerebrovascular accident, hypertension 
and, 802 
Chagas’ disease (trypanosomiasis), and 
myocarditis, 833 
in dog, 611, 611, 833 
Chemodectoma, cardiac, echocardiographic 
findings associated with, in dog, 166, 
694 
surgery for, 880 
Chemotherapeutic agents, as cardiotoxins, 
in cat, 657 
in dog, 609 
Chest. See Thoracic entries. 
Chloramphenicol, interaction of phenytoin 
with, effects of, 326(t) 
Chlorothiazide, adverse effects of, 909(t) 
for edema, 909(t) 
for heart failure, 235(t), 237 
for hypertension, 909(t) 
for pulmonary edema, 909(t) 
recommended dosages of, for cat, 909(t) 
for dog, 909(t) 
Chordae tendineae, 19-20 
rupture of, and pulmonary edema, in 
dog, 261 
in association with endocardiosis, 553- 
554 
Chronaxie, in programming of pacemaker, 
404, 405 
Chronic acquired atrioventricular valve 
disease. See Endocardiosis. 
Chronic obstructive pulmonary disease 
(COPD), 761 
Chronotropic drugs, positive. See specific 
agents, e.g., Atropine; Glycopyrrolate; 
Isoproterenol. 
Circulation, 26, 26. See also Blood flow. 
blood volume and, 25-27 
fetal, 8, 8 
transition from, to blood flow in new- 
born animal, 8-9 
in basic life support, 433-434 
pulmonary, 251-252 
Clearance, of drugs, 312 
Clicks, systolic, 54 
Clindamycin, for endocarditis, 577(t) 
Closed-chest compression, in basic life 
support, 433-434 
factors limiting effectiveness of, 434(t) 
Coagulopathies, shock and, 287 
Coarctation of aorta, 494 
Cocker spaniel. See also Dog(s). 
dilated cardiomyopathy in, 582(t), 583 
cardiomegaly accompanying, 591 
radiographic findings associated with, 
591 
M-mode echocardiography in, normal 
findings on, 145(t) 
Codeine, recommended dosages of, for 
dog, 904(t) 
Coding, of pacemaker, 406, 407 
Coil embolization, for patent ductus 
arteriosus, 190 
in dog, 511, 512 
Collapse, bronchial, 121 
syncopal. See Syncope. 


Collapse (Continued) 
tracheal, radiographic appearance of, 
121, 122 
Colloid solutions, 277, 278(t) 
in management of shock, 277-279 
Color-flow Doppler echocardiography, 139 
applications of, 559, 574, Plate 3, Plates 5 
to 10 
Color M-mode echocardiography, Plate 4 
Compliance, ventricular, 30, 31, 217, 
217-218 
Compression, of abdomen, in basic life 
support, 434 
of chest, in basic life support, 433-434 
factors limiting effectiveness of, 
434(t) 
of descending aorta, in basic life support, 
435 
Computed electrocardiography, 102 
Computed tomography, of heart, 199, 
199-200 
Concentric myocardial hypertrophy, 
pressure overload and, 208, 758, 818 
Conduction, ventriculoatrial, as 
complication of cardiac pacing, 412, 
413, 414 
Conduction abnormalities, 100-101, 101, 
299-303 
echocardiographic characteristics of, 
80-86 
intraventricular, 84-86 
in cat, 398 
Conduction blocks, 299-300. See also 
Atrioventricular block. 
Conduction system of heart, 22, 301 
development of, 7 
lesions of, 836 
Conduit repair, in surgery for pulmonic 
stenosis, 872 
Conduit shunts, for tetralogy of Fallot, 875 
Congenital heart disease, 471-529. See also 
specific lesions, e.g., Tetralogy of Fallot. 
angiocardiographic assessment of, 475 
arrhythmias associated with, in cat, 386- 
387 
canine breed predisposition to, 459(t)- 
461 (t), 463(t), 472(t) 
cardiomegaly in, 474-475 
echocardiographic evaluation of, 154- 
160, 475-476 
electrocardiographic findings associated 
with, 476 
pharmacotherapy for, 485(t) 
prevalence of, in cat, 462-463 
in dog, 458-462, 459(t) 
radiographic evaluation of, 127, 127(t), 
474-475 
Congenital pericardial disease, 681-685, 
835. See also specific types, e.g., 
Diaphragmatic hernia, pericardial/ 
peritoneopericardial. 
Congestive cardiomyopathy. See Dilated 
cardiomyopathy. 
Congestive heart failure. See Heart failure. 
Conn’s disease (aldosteronism), 765 
electrocardiographic findings in, 765, 
765 
Constant rate infusion, dosing formula 
worksheet for, 917 
Constrictive pericarditis, 696-698 
in dog, 696-698 
hemodynamic effects of, 680, 696, 697, 
698 
pathology of, 696, 696 
Continuous heart murmurs, 62 
Continuous-wave Doppler 
echocardiography, 138-139 
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Continuous-wave Doppler 
echocardiography (Continued) 
advantages of, 138-139 
aortic regurgitation on, subaortic stenosis 
and, in dog, 490 
aortic stenosis on, in dog, 136, 490 
disadvantages of, 139 
hypertrophic cardiomyopathy on, in cat, 
627 
left-to-right shunt on, ventricular septal 
defect and, in dog, 504 
mitral regurgitation on, in dog, 137 
mitral stenosis on, in cat, 136 
pulmonic stenosis on, in dog, 136, 486 
subaortic stenosis on, in dog, 136, 490 
tricuspid valve dysplasia on, in dog, 158 
valvular stenosis on, in cat, 136 
in dog, 136 
ventricular septal defect on, in dog, 504 
Contracture, HCM-related 
thromboembolism and, in cat, 663 
Contrast echocardiography, 134, 134, 135 
atrial septal defect on, in dog, 134, 135 
COPD (chronic obstructive pulmonary 
disease), 761 
Cor pulmonale, 759-761, 760 
heartworm disease and, in dog, 715 
Cor triatriatum, 526-527, 527 
pathology of, 824 
surgery for, 878-879 
Corgi. See also Dog(s). 
M-mode echocardiography in, normal 
findings on, 145(t) 
Coronary artery(ies), 21 
disease of, 837 
left, 21 
right, 21 
Coronary sinus, 17, 21 
Coronary vessels, blood flow through, 
33-34, 34 
development of, 7 
Corticosteroids, use of, in CPCR, 438 
in management of shock, 285 
in treating sequelae of heartworm dis- 
ease, in dog, 714, 716, 718 
Costocervical vein, right, 418 
pacemaker implantation via, 415, 
417(t) 
Cough, 43-44 
heart disease and, 43(t) 
lung disease and, 43(t) 
syncope associated with, in dog, 453. See 
also Syncope. 
“Cough drop” syncope (tussive syncope), 
in dog, 453. See also Syncope. 
Cough suppressants, for dog, 904(t), 
909(t), 912(t) 
Countershock, for ventricular fibrillation, 
438-439 
CPCR. See Cardiopulmonary cerebral 
resuscitation. 
CPR. See Cardiopulmonary cerebral 
resuscitation. 
Cranial vena cava, 17 
left, persistent, 529 
in dog, 529 
Crossbred beagle. See also Dog(s). 
echocardiography in, heartworm-related 
changes on, 711 
Cross-clamping, of descending aorta, in 
basic life support, 435 
Crystalloid solutions, in management of 
shock, 276-277 
Culture, blood sample as source of bacteria 
for, in diagnosis of infectious 
endocarditis, 575. See also Endocarditis, 
infectious. 
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Cushing’s syndrome 
(hyperadrenocorticism) , 764-765 
Cyanosis, 44, 48-49, Plate 1 
Cyst(s), blood, in tricuspid valve, 
prevalence of, in dog, 463-464 
intrapericardial, 684-685, 685, 686 


DCM. See Dilated cardiomyopathy. 

Death, cardiopulmonary arrest and, 428. 
See also Cardiopulmonary cerebral 
resuscilation. 

dilated cardiomyopathy and, in dog, 
595(t), 599, 600, 600(t) 

supraventricular tachycardia and, in dog, 
348 

ventricular arrhythmias and, in dog, 356- 
357, 370, 836 

Deerhound. See also Dog(s). 

dilated cardiomyopathy in, 583 

M-mode echocardiography in, normal 
findings on, 145(t) 

Defibrillation, in CPCR, 438-439 

Degeneration, myxomatous, of 
atrioventricular valves. See 
Endocardiosis. 

Delayed afterdepolarizations, 298-299, 300 

Descending aorta, compression or cross- 
clamping of, in basic life support, 435 

Dexamethasone, emergency use of, 431(t), 
438 

for sequelae of heartworm disease, in 
dog, 716 
Dextrans, 278, 278(t) 
in management of shock, 278-279 
Diabetes mellitus, 767—768 
Diaphragmatic hernia, pericardial/ 
peritoneopericardial, 526, 682-684, 
683 
abnormalities accompanying, 835 
age distribution of, in cats, 683 , 
in dogs, 683 
cysts associated with, 684 
radiographic findings associated with, 
118, 526, 683-684 
in dog, 684 
Diastolic dysfunction, hypertrophic 
cardiomyopathy and, in man, 625 
therapeutic approach to, 217-218 
Diastolic function, 622-623 

abnormal. See Diastolic dysfunction. 

assessment of, via Doppler echocardiogra- 
phy, 623 

effects of disease states on, 623. See also 
Diastolic dysfunction. 

Diastolic heart murmurs, 61-62. See also 
Heart murmurs. 

Diastolic heart sounds, early, 55 

Diet, mineral content of, as provided in 
commercial dog foods, 742(t)—743(t) 

sodium-restricted, in management of 
heart failure, 237, 551 
International Small Animal Cardiac 
Health Council recommenda- 
tions regarding, 905 (t) 
in management of hypertension, 745, 
805-806 

Diethylcarbamazine, for heartworm disease, 
in dog, 720-721 

Digitalis preparations, 325 

adverse effects of, 315(t), 325, 744, 
910(t) i 
in dog, 97, 352 
electrocardiographic parameters affected 
by, 311(t), 325, 353 


Digitalis preparations (Continued) 
for arrhythmias, 325, 910 (t) 
in cat, 315(t), 393 
in cat with hypertrophic cardiomyopa- 
thy, 636 
in dog, 315(t), 349, 350, 352 
evidence of effectiveness of, on ECG, 
353 
in dog with dilated cardiomyopathy, 
598 
evidence of effectiveness of, on ECG, 
353 
for atrial fibrillation, in dog, 352 
evidence of effectiveness of, on ECG, 
353 
for DCM and arrhythmias, in dog, 598 
evidence of effectiveness of, on ECG, 
353 
for DCM and heart failure, in cat, 651 
in dog, 597 
for HCM and arrhythmias, in cat, 636 
for HCM and heart failure, in cat, 637, 
641 
for heart failure, 224, 229(t), 229-233, 
485(t), 910(t) 
in cat, 260(t) 
in cat with dilated cardiomyopathy, 651 
in cat with hyperthyroidism, 786 
in cat with hypertrophic cardiomyopa- 
thy, 637, 641 
in dog, 260(t) 
in dog with dilated cardiomyopathy, 
597 
in dog with mitral regurgitation, 551- 
552 
International Small Animal Cardiac 
Health Council recommendations 
regarding, 905(t) 
for mitral regurgitation and heart failure, 
in dog, 551-552 
for supraventricular tachyarrhythmias, in 
cat, 393 
in dog, 349, 350 
recommended dosages of, for cat, 904(t), 
910(t) 
for dog, 904(t), 910(t) 
Dilated cardiomyopathy, 582-601 
angiocardiographic findings associated 
with, in cat, 649, 649 
radionuclide, in dog, 198 
arrhythmias accompanying, in cat, 387, 
387 (t) 
treatment of, 650 
in dog, 369-370, 590, 590(t), 591 
treatment of, 597, 598, 895-896 
evidence of drug effectiveness in, 
on ECG, 353 
“asymptomatic” early course of, in dog, 
594-595 
atrial fibrillation and, in dog, 588, 591 
lethality of, 601 
breed predisposition to, among cats, 623 
among dogs, 582(t), 582-583, 583, 584 
canine, 582-601 
cardiomegaly associated with, in cat, 648 
in dog, 256, 591, 591, 592 
carnitine deficiency and, in dog, 586, 747 
clinical manifestations of, in cat, 647-649 
in dog, 588-589 
compensation for, 207(t) 
early “asymptomatic” course of, in dog, 
594-595 
echocardiographic findings associated 
with, 162 
in cat, 648, 648-649 
in dog, 591-594, 593 


Dilated cardiomyopathy (Continued) 
electrocardiographic findings associated 
with, in cat, 648 
in dog, 590(t), 590-591 
in dog with episodic weakness, 449 
in dog without overt signs of disease, 
594-595, 595(t) 
etiopathogenesis of, in cat, 645-646 
in dog, 585-587 
feline, 645-652 
genetic/familial basis for, in dog, 585 
in man, 585 
heart failure demonstrable with, in dog, 
892-893 
heart failure potentiating lethality of, in 
dog, 601 
heart failure treatment in, 223, 224, 225- 
227 
for cat, 649, 650, 651, 652 
for dog, 596, 597, 894, 895 
heart sounds and murmurs associated 
with, in dog, 56, 589 
immune-mediated disorders and, in dog, 
587 
in man, 587 
laboratory findings associated with, in 
dog, 589 
lethality of, in dog, 595(t), 599, 600, 
600(t) 
limb paralysis accompanying, in cat, 647 
“occult,” in dog, 594-595 
pathology of, in cat, 646, 647 
in dog, 583-585, 584, 819 
pathophysiology of, in cat, 646 
in dog, 587-588 
phonocardiographic findings associated 
with, in dog, 56 
physical findings associated with, in dog, 
589 
precursors of, in dog, 594-595, 595 (t) 
prevalence of, in cat, 623, 645 
in dog, 582(t), 582-583, 583, 584 
prognosis associated with, in cat, 652 
in dog, 599-601, 600, 600(t), 601 
pulmonary edema accompanying, treat- 
ment of, 223-224. See also Dilated 
cardiomyopathy, heart failure treat- 
ment in. 
in dog, 261-262 
radiographic findings associated with, in 
cat, 648, 648 
in dog, 256, 591, 591, 592 
tachycardia and, in dog, 587 
taurine deficiency and, in cat, 645-646, 
750-751 
in dog, 585-586, 751-752 
supplements countering. See Taurine, 
supplemental. 
therapy for, in cat, 649-652 
in dog, 596-599 
in man, 652 
thromboembolism associated with, in cat, 
658. See also Thromboembolism. 
viral etiology of, in man, 586 
Diltiazem, 324-325 
adverse effects of, 315(t), 325, 910(t) 
and hypotension, in dog, 351 
drugs interacting with, effects of, 326(t) 
electrocardiographic parameters affected 
by, 311(t), 349 
for arrhythmias, 324, 910(t) 
in cat, 315(t), 393 
in dog, 315(t), 348, 349 
evidence of effectiveness of, on ECG, 
349 
for HCM, in cat, 636, 639 


Diltiazem (Continued) 
for heart failure, 244-245 
International Small Animal Cardiac 
Health Council recommendations 
regarding, 905(t) 
for hypertension, 805 (t) 
for supraventricular tachyarrhythmias, in 
cat, 393 
in dog, 348, 349 
evidence of effectiveness of, on ECG, 
349 
recommended dosages of, for cat, 903(t), 
910(t) 
for dog, 903(t), 910(t) 
Dirofilaria immitis. See also Heartworm 
disease. 
life cycle of, 702 
Dirofilariasis. See Heartworm disease. 
Dislodgment, of pacemaker leads, 415, 417, 
419, 420 
Disopyramide, 316-317 
adverse effects of, 315(t), 317, 910(t) 
for arrhythmias, 316 
in dog, 315(t), 910(t) 
Disseminated intravascular coagulopathy, 
shock and, 287 
Distributive shock, 273, 273(t). See also 
Shock. 
Diuretics. See also specific agents. 
for DCM and heart failure, in cat, 649, 
651 
in dog, 596, 597 
for HCM and heart failure, in cat, 637, 
638, 641 
for heart failure, 235(t), 235-237 
in cat with dilated cardiomyopathy, 
649, 651 
in cat with hypertrophic cardiomyopa- 
thy, 637, 638, 641 
in cat with mitral regurgitation, 551 
in dog with dilated cardiomyopathy, 
596, 597 
in dog with mitral regurgitation, 551 
for hypertension, 805(t), 806 
for mitral regurgitation and heart failure, 
in dog or cat, 551 
for pulmonary edema, 259, 909(t), 
912(t). See also Diuretics, for heart fail- 
ure, 
recommended dosages of, for cat, 903 (t) 
for dog, 903(t) 
Doberman pinscher. See also Dog(s). 
“asymptomatic” early course of DCM in, 
594-595 
atrial septal defect in, echocardiographic 
findings associated with, 496 
cardiomegaly in, dilated cardiomyopathy 
and, 592 
dilated cardiomyopathy in, 369-370, 
582(t), 583, 584 
cardiomegaly accompanying, 592 
echocardiographic findings associated 
with, 593 
electrocardiographic findings associ- 
ated with, 590, 590(t) 
electrocardiographic findings pre- 
dictive of, 594-595, 595(t) 
histologic findings associated with, 584 
lethality of, 595(t), 599, 600(t) 
pathology of, 584, 819 
precursors of, 594-595, 595 (t) 
radiographic findings associated with, 
592 
early “asymptomatic” course of DCM in, 
594-595 
echocardiography in, atrial septal defect 
on, 496 


Doberman pinscher (Continued) 
dilated cardiomyopathy on, 593 
electrocardiography in, DCM-related 
changes on, 590, 590(t) 
DCM risk prediction based on, 594- 
595, 595(t) 
M-mode echocardiography in, dilated car- 
diomyopathy on, 593 
“occult” dilated cardiomyopathy in, 594— 
595 
ostium primum type atrial septal defect 
in, echocardiographic findings associ- 
ated with, 496 
radiography in, cardiomegaly on, dilated 
cardiomyopathy and, 592 
Dobutamine, 233-234 
adverse effects of, 910(t) 
for DCM and heart failure, in cat, 650 
in dog, 596 
for heart failure, 224, 229(t), 234, 260(t), 
910(t) 
in anemic animal, 790 
in cat with dilated cardiomyopathy, 650 
in dog with dilated cardiomyopathy, 
596 
for shock, 283, 283(t) 
recommended dosages of, for cat, 904(t), 
910(t) 
for dog, 904(t), 910(t) 
Dog(s). See also Canine breed predisposition. 
abdominal ultrasonography in, signs of 
heart failure on, 153 
acquired heart disease in, 463-465. See 
also Dog(s), endocardiosis in. 
analgesics for, 854(t) 
anesthetics for, 854(t), 858(t). See also 
Anesthesia. 
angiocardiography in, 188 
aortic stenosis on, 189 
evidence of double-chambered right 
ventricle on, 481 
mitral valve dysplasia on, 189, 525 
normal findings on, 188 
PDA-related findings on, 508 
pulmonic stenosis on, 189, 484 
radionuclide, 194 
ventricular abnormalities on, 194, 
198 
subaortic stenosis on, 189 
tetralogy of Fallot on, 189, 514 
VSD-related findings on, 189, 501, 502 
aortic regurgitation in, 61 
heart murmur associated with, 61 
subaortic stenosis and, echocardio- 
graphic findings associated with, 
490 
aortic stenosis in, 60. See also Aortic steno- 
sis. 
angiocardiographic findings associated 
with, 189 
echocardiographic evidence of, 136, 
159, 159, 490, 491, 492, Plate 4 
electrocardiographic findings associ- 
ated with, 489 
gross morphology of, 486-487, 488, 
822-823 
heart murmur associated with, 60, 
60-61 
prevalence of, 459(t), 460 
radiographic findings associated with, 
491 
aortic valve blood flow velocity in, Dopp- 
ler-derived, 154(t) 
arrhythmias in, 331-375. See also Arrhyth- 
mia(s). 
breed predisposition to, 465-466 
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Dog(s) (Continued) 
dilated cardiomyopathy and, 369-370, 
590, 590(t), 591 
treatment of, 597, 598, 895-896 
evidence of drug effectiveness in, 
on ECG, 353 
electrocardiographic detection of, 331- 
332. See also Dog(s), electrocardiogra- 
phy in. 
frequency of, by type, 458(t), 465-466 
heart failure and, 224 
treatment of, 224 
junctional, 97, 346-347 
sinus, 92 
supraventricular. See Dog(s), supraventric- 
ular tachyarrhythmias in. 
syncope associated with, 450, 451 
treatment of, 315(t), 347-355 
management of dilated cardiomyopa- 
thy and, 597, 598 
ventricular, 98, 99, 99, 355-361 
lethality of, 356-357, 370, 836 
vs. supraventricular arrhythmias. See 
Dog(s), supraventricular tachyar- 
rhythmias in, differentiation of. 
arrhythmogenic right ventricular dyspla- 
sia in, 609 
“asymptomatic” early course of DCM in, 
594-595 
atrial extrasystoles in, 94 
atrial fibrillation in, 95, 343, 343, 344, 
345, 401 
and dilated cardiomyopathy, 588, 591 
lethality of, 601 
occurring asymptomatically, among 
large breeds, 466 
temporary, 354 
treatment of, 352, 354 
evidence of drug effectiveness in, on 
ECG, 353 
atrial flutter in, 95, 342, 342-343, 401 
treatment of, 352 
evidence of drug effectiveness in, on 
ECG, 353 
atrial septal defect in. See also Atrial sep- 
tal defect. 
corrected, echocardiographic findings 
following, Plate 9 
echocardiographic evidence of, 134, 
135, 496, Plates 7 & 8 
electrocardiographic findings associ- 
ated with, 499 
prevalence of, 459(t), 462 
shunt(ing) accompanying, echocardio- 
graphic findings associated with, 
134, 135 
atrial tachycardia in, ectopic, 341, 341- 
342 
treatment of, 350-351 
atrioventricular block in, 82, 82, 83, 375, 
401 
as indication for pacemaker, 402 
atrioventricular myopathy (persistent 
atrial standstill) in, 403, 466, 607- 
608, 608, 836, 837 
electrocardiographic characteristics of, 
81 
hyperkalemia and, 89 
atrioventricular nodal re-entrant tachycar- 
dia in, 345-346, 346 
atrioventricular node-dependent supra- 
ventricular tachycardia in, 338, 345- 
347 
treatment of, 354-355 
atrioventricular node-independent supra- 
ventricular tachycardia in, 338-345 
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Dog(s) (Continued) 
treatment of, 348-354 
atrioventricular valve disease in, chronic 
acquired. See Dog(s), endocardiosis in. 
dysplastic, echocardiographic findings 
associated with, 158 
automatic (ectopic) junctional tachycar- 
dia in, 346-347 
bacterial endocarditis in, echocardio- 
graphic findings in, 164 
vegetative mass associated with, 164 
bacterial myocarditis in, 612 
bidirectional shunt in, atrial septal defect 
and, echocardiographic findings asso- 
ciated with, 135 
blood pressure in, 796(t) 
breed differences in, 797(t) 
changes in, with aging, 796(t) 
effect of pacemaker on, 412 
elevated, 468, 797. See also Hyperten- 
sion. 
pharmacotherapy for, 805(t) 
body weight loss in, 44 
heart failure and, 47, 48 
body weight of, ratio of heart weight to, 
847(t) 
Borrelia burgdorferi infection in, 612 
and myocarditis, 612 
bradyarrhythmias in, 371-375, 401 
and syncope, 451 
as indication for pacemaker, 400, 402- 
403 
bundle branch block in, 84, 84, 85, 85 
bypass tract-mediated macro-re-entrant 
tachycardia in, 347, 355 
cancer chemotherapy in, cardiotoxicity 
of, 609 
cardiac blood flow in, across valves, Dopp- 
ler-derived velocity of, 154(t) 
cardiac cachexia in, 47, 48 
cardiac tamponade in, echocardiographic 
findings associated with, 165 i 
cardiac tumors in, 610, 686, 687, 688, 
698 
computed tomographic appearance of, 
199 
echocardiographic findings associated 
with, 166, 693, 694 
prevalence of, 466 
radiographic findings associated with, 
692 
cardiomegaly in, 112. See also Cardiomeg- 
aly. 
dilated cardiomyopathy and, 256, 591, 
591, 592 
endocardiosis and, 113 
hypertrophic cardiomyopathy and, 604, 
605 
tricuspid regurgitation and, 114 
cardiomyopathy in, 581-612, 582(t). See 
also Cardiomyopathy (cardiomyopathies) 
and specific types. 
cardiovascular drug dosages for, 903(t)- 
917(t) 
carnitine deficiency in, and dilated car- 
diomyopathy, 586, 747 
carnitine supplementation for, 748, 
909(t) 
caval syndrome in, heartworm disease 
and, 718-719 
Chagas’ disease in, 611 
and myocarditis, 611, 611, 833 
chemodectoma in, cardiac, echocardio- 
graphic findings associated with, 
166, 694 
chemotherapeutic agents used in, cardio- 
toxicity of, 609 


Dog(s) (Continued) 


chronic acquired atrioventricular valve 
disease in. See Dog(s), endocardiosis 
in. 
collapse of, syncopal. See Dog(s), syncope 
in. 
color-flow Doppler echocardiography in, 
Plate 3, Plates 5 to 10 
commercial foods for, mineral content 
of, 742(t)-743(t) 
computed tomography in, cardiac tumor 
on, 199 
congenital heart disease in. See also Con- 
genital heart disease. 
breed predisposition to, 459(t)-461(t), 
463(t), 472(t) 
prevalence of, 458-462, 459(t) 
constrictive pericarditis in, 696-698 
hemodynamic effects of, 680, 696, 697, 
698 
pathology of, 696, 696 
continuous-wave Doppler echocardiogra- 
phy in. See also Dog(s), Doppler echo- 
cardiography in. 
aortic regurgitation on, subaortic steno- 
sis and, 490 
aortic stenosis on, 136, 490 
left-to-right shunt on, ventricular septal 
defect and, 504 
mitral regurgitation on, 137 
pulmonic stenosis on, 136, 486 
subaortic stenosis on, 136, 490 
tricuspid valve dysplasia on, 158 
valvular stenosis on, 136 
ventricular septal defect on, 504 
contrast echocardiography in. See also 
Dog(s), echocardiography in. 
atrial septal defect on, 134, 135 
shunt(ing) on, atrial septal defect and, 
134, 135 
cor pulmonale in, heartworm disease 
and, 715 
cor triatriatum in, echocardiographic 
findings associated with, 527 
“cough drop” syncope (tussive syncope) 
in, 453. See also Syncope. 
death of, supraventricular tachycardia 
and, 348 
ventricular arrhythmias and, 356-357, 
370 
digitalis toxicity in, 97, 352 
dilated cardiomyopathy in, 582-601. See 
also Dilated cardiomyopathy. 
dirofilariasis in, 702-721. See also Heart- 
worm disease. 
Doppler echocardiography in. See also 
Dog(s), echocardiography in. 
aortic regurgitation on, subaortic steno- 
sis and, 490 
aortic stenosis on, 136 
aortic valve blood flow velocity derived 
from, 154(t) 
atrial septal defect on, 134, 135, 496, 
Plates 7 & 8 
atrioventricular valve dysplasia on, 158 
left-to-right shunt on, patent ductus ar- 
teriosus and, 156 
ventricular septal defect and, 504 
mitral regurgitation on, 137, Plate 10 
mitral valve blood flow velocity derived 
from, 154(t) 
patent ductus arteriosus on, 156 
pulmonic stenosis on, 136, 160, 486 
pulmonic valve blood flow velocity de- 
rived from, 154(t) 
shunt(ing) on, patent ductus arteriosus 
and, 156 


Dog(s) (Continued) 
subaortic stenosis on, 136 
tricuspid valve blood flow velocity de- 
rived from, 154(1) 
tricuspid valve dysplasia on, 158 
valvular blood flow velocities derived 
from, 154(t) 
valvular dysplasia on, 158 
valvular stenosis on, 136, 160 
ventricular septal defect on, 504, Plate 
6 
double-chambered right ventricle in, an- 
giocardiographic findings associated 
with, 481 
echocardiographic findings associated 
with, 481 
Duchenne’s cardiomyopathy in, 607, 607, 
832 
dyspnea in, signs accompanying, 47 
early “asymptomatic” course of DCM in, 


594-595 
echocardiography in, 133. See also Echo- 
cardiography. 
aortic regurgitation on, subaortic steno- 
sis and, 490 


aortic stenosis on, 136, 159, 159, 490, 
491, 492, Plate 4 

aortic valve blood flow velocity derived 
from, 154(t) 

atrial septal defect on, 134, 135, 496, 
Plates 7 & 8 

atrioventricular valve dysplasia on, 158 

bidirectional shunt on, atrial septal de- 
fect and, 135 

cardiac tamponade on, 165 

cardiac tumors on, 166, 693, 694 

cardiomyopathy on, 591-594, 605, 607 

chemodectoma on, cardiac, 166, 694 

cor triatriatum on, 527 

dilated cardiomyopathy on, 591-594, 
593 

dirofilariasis-related changes on, 710, 
711 

double-chambered right ventricle on, 
481 

Duchenne’s cardiomyopathy on, 607, 
607 

endocardiosis and mitral regurgitation 
on. See Dog(s), echocardiography in, 
mitral regurgitation on. 

evidence of endocarditis on, 164 

heartworm-related changes on, 710, 
711 

hypertrophic cardiomyopathy on, 605, 
606 

intrapericardial cyst on, 686 

left-to-right shunt on, patent ductus ar- 
teriosus and, 156, 510 

ventricular septal defect and, 504 

mitral regurgitation on, 137, 161, Plate 
10 

mitral valve blood flow velocity derived 
from, 154(t) 

muscular dystrophy-related myocardial 
lesions on, 607, 607 

normal findings on, 133, 145(t) 

ostium primum-type atrial septal de- 
fect on, 496, Plate 8 

ostium secundum-type atrial septal de- 
fect on, 134 

patent ductus arteriosus on, 156, 510 

pericardial cyst on, 686 

pericardial effusion on, 165, 167, 691, 
693 

pleural effusion on, 165, 693 

pulmonic stenosis on, 136, 160, 160, 
486, Plate 3 


Dog(s) (Continued) 


pulmonic valve blood flow velocity de- 
rived from, 154(t) 
right atrial hemangiosarcoma on, 166, 
694 
right-to-left shunt on, atrial septal de- 
fect and, 134 
right ventricle on, double-chambered, 
481 
shunt(ing) on, atrial septal defect and, 
134, 135 
patent ductus arteriosus and, 156 
sinus venosus-type atrial septal defect 
on, 135, Plate 7 
subaortic stenosis on, 136, 159, 159, 
490, 491, 492, Plate 4 
tetralogy of Fallot on, 516 
tricuspid valve blood tlow velocity de- 
rived from, 154(t) 
tricuspid valve dysplasia on, 158 
valvular blood flow velocities derived 
from, 154(t) 
valvular dysplasia on, 158 
valvular stenosis on, 136, 159, 159, 160, 
160 
vegetative mass on, endocarditis and, 
164 
ventricular septal defect on, 157, 501, 
502, 504, Plate 6 
ectopic atrial tachycardia in, 341, 341- 
342 
treatment of, 350-351 
ectopic (automatic) junctional tachycar- 
dia in, 346-347 
electrical alternans in, pericardial effu- 
sion and, 90, 691 
electrocardiography in, 75, 75(t), 331- 
332. See also Klectrocardiography. 
antiarrhythmic drug effects evidenced 
on, 349, 350, 351, 353, 361, 361 
arrhythmia detection via, 331-332 
ASD-related findings on, 499 
atrial extrasystoles on, 94 
atrial fibrillation on, 95, 343, 343, 344, 
401 
atrial flutter on, 95, 342, 342, 401 
atrioventricular block on, 82, 82, 83, 
401 
atrioventricular nodal re-entrant tachy- 
cardia on, 345, 346 
bradyarrhythmias on, 401 
bundle branch block on, 84, 84, 85, 85 
bypass tract-mediated macro-re-entrant 
tachycardia on, 347 
cardiomyopathic changes on, 590(t), 
590-591, 605 
DCM risk prediction based on, 594- 
595, 595(t) 
DCM-related changes on, 449, 590(t), 
590-591 
digitalis-induced abnormalities on, 97 
ectopic atrial tachycardia on, 341, 341 
electrical alternans on, pericardial effu- 
sion and, 90, 691 
first-degree atrioventricular block on, 
82, 82 
HCM-related changes on, 605 
junctional arrhythmias on, 97, 347 
left atrial enlargement manifested on, 
78, 78 
left bundle branch block on, 84, 84 
left ventricular enlargement mani- 
fested on, 79, 80 
mitral valve dysplasia manifested on, 
524 
pacemaker effects on, 404, 407, 408, 
411, 413, 419-422, 424 


Dog(s) (Continued) 


PDA-related findings on, 510 
! pericardial effusion—related changes 

on, 691 

persistent atrial standstill on, 81 

hyperkalemia and, 89 

right atrial enlargement manifested 
on, 77 

right bundle branch block on, 85, 85 

right ventricular hypertrophy or en- 
largement manifested on, 78-79, 
79, 482 

second-degree atrioventricular block 
on, 82, 401 

sick sinus syndrome on, 93, 93, 401 

sinoatrial block on, 87 

sinus nodal re-entrant tachycardia on, 
339 

sinus node tachycardia on, 338 

subaortic stenosis manifested on, 489 

supraventricular tachyarrhythmias on, 
96 

vs. ventricular tachyarrhythmias, 
333-334, 333-338 

third-degree atrioventricular block on, 

83, 401 


tricuspid valve dysplasia manifested on, 


524 
ventricular extrasystoles on, 98 
ventricular pre-excitation on, 86 
ventricular tachyarrhythmias on, 98, 
99, 99 
vs. supraventricular tachyarrhyth- 
mias, 333-334, 333-338 
VSD-related findings on, 504 
embolism in. See Dog(s), thromboembolism 
in. 
endocardiosis in. See also Endocardiosis. 
breed predisposition to, 463, 463(t), 
540, 541. See also King Charles 
spaniel, endocardiosis in. 
heart murmur accompanying, 540, 
541, 544-545 
intensity of, and severity of associ- 
ated heart failure, 544, 545 
left atrial rupture as sequela of, 555 
mitral regurgitation associated with. 
See Dog(s), mitral regurgitation in. 
neurohormonal response associated 
with, 542, 543 
pathology of, 539 
prognosis associated with, 553 
radiographic features of, 113 
endocarditis in, infectious, 569. See also 
Endocarditis, infectious. 
increased risk of, with aging, 568 
prevalence of, 464, 567, 568 
vegetative mass associated with, 164 
episodic weakness in. See also Syncope. 
DCM and, electrocardiographic find- 
ings associated with, 449 
exercise-induced syncope in, 449. See 
also Syncope. 
external cardiac anatomy of, 16, 16, 17. 
See also Heart. 
fibrillation in, atrial, 95, 343, 343, 344, 
345, 401 
and dilated cardiomyopathy, 588, 
591 
lethality of, 601 
occurring asymptomatically, among 
large breeds, 466 
temporary, 354 
treatment of, 352, 354 
evidence of drug effectiveness in, 
on ECG, 353 
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Dog(s) (Continued) 
first-degree atrioventricular block in, 82, 
82, 375° 
flutter (atrial flutter) in, 95, 342, 342- 
343, 401 
treatment of, 352 
evidence of drug effectiveness in, on 
ECG, 353 
fungal myocarditis in, 612 
heart disease in. See Heart disease(s). 
heart failure in. See Heart failure. 
heart murmurs in. See also Heart mur- 
murs. 
dilated cardiomyopathy and, 589 
endocardiosis and, 540, 547, 544-545 
correlated with severity of associated 
heart failure, 544, 545 
hypertrophic cardiomyopathy and, 604 
patent ductus arteriosus and, 62 
valvular disease and, 59, 60, 60, 61, 62, 
62 
heart weight to body weight ratio in, 
847(t) 
heartworm disease in, 702-721. See also 
Heartworm. disease. 
hemangiosarcoma in, right atrial, /66, 
687, 694 
echocardiographic findings associ- 
ated with, 166, 694 
highly digestible diet for, 741 (t) 
Holter monitoring in, 331-332. See also 
Dog(s), electrocardiography in. 
hyperkalemia in, electrocardiographic 
findings associated with, 89 
hypertension in, 468, 797. See also Hyper- 
tension. 
pharmacotherapy for, 805(t) 
hypertrophic cardiomyopathy in, 601- 
606. See also Hypertrophic cardiomyopa- 
thy. 
ination in, cardiovascular drug- 
induced, 351, 351 
immune-mediated disorders in, and di- 
lated cardiomyopathy, 587 
infectious endocarditis in, 569. See also 
Endocarditis, infectious. 
increased risk of, with aging, 568 
prevalence of, 464, 567, 568 
vegetative mass associated with, 164 
infectious myocarditis in, 465, 610-612, 
832 
infiltrative cardiomyopathy in, 610 
interatrial septal defect in, prevalence of, 
459(t), 462 
internal cardiac anatomy of, 18. See also 
Heart. 
interventricular septal defect in, preva- 
lence of, 459(t), 461 
intrapericardial cyst in, 686 
intrapericardial pressure-volume relation- 
ships in, 680 
constrictive pericarditis and, 680 
pericardial effusion and, 680 
junctional arrhythmias in, 97, 346-347 
left atrial enlargement in, electrocardio- 
graphic findings associated with, 78, 
78 
left atrial rupture in, endocardiosis and, 
555 
left bundle branch block in, 84, 84 
left ventricular enlargement in, electro- 
cardiographic findings associated 
with, 79, 80 
left ventricular outflow tract obstruction 
in, hypertrophic cardiomyopathy 
and, treatment of, 606 
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Dog(s) (Continued) 
left-to-right shunt in, patent ductus arteri- 
osus and. See Dog(s), patent ductus ar- 
teriosus in. 
ventricular septal defect and, echocardi- 
ographic findings associated with, 
504 
low-sodium dict for, 741(t). See also Low- 
sodium diet. 
lung disease in, breed predisposition to, 
43(t) 
dirofilariasis and, 716-718 
treatment of, 714, 716, 718 
vascular, prevalence of, 467 
Lyme disease in, 612 
and myocarditis, 612 
lymphadenopathy in, appearance of, on 
radiography, 121 
lymphomatoid granulomatosis in, heart- 
worm disease and, 718 
macro-re-entrant tachycardia in, bypass 
tract-mediated, 347, 355 
mitral regurgitation in. See also Mitral re- 
gurgitation. 
echocardiographic findings associated 
with, 137, 161 
heart murmur accompanying, 59, 60 
magnetic resonance imaging of, 200 
pulmonary edema accompanying, treat- 
ment of, 261 
radionuclide angiocardiographic find- 
ings associated with, 198 
mitral stenosis in, heart murmur accom- 
panying, 61, 62 
pathology of, 823 
mitral valve blood flow velocity in, Dopp- 
ler-derived, 154(t) 
mitral valve dysplasia in, angiocardio- 
graphic findings associated with, 
189, 525 
electrocardiographic findings associ“ 
ated with, 524 
prevalence of, 459(t), 462 
radiographic manifestations of, 523 
M-mode echocardiography in, 133. See 
also Dog(s), echocardiography in. 
aortic stenosis on, 491, Plate 4 
dilated cardiomyopathy on, 593 
dirofilariasis-related changes on, 711 
heartworm-related changes on, 711 
hypertrophic cardiomyopathy on, 606 
normal findings on, 133, 145(t) 
pericardial effusion on, 167, 691 
subaortic stenosis on, 491, Plate 4 
MRI in, mitral regurgitation on, 200 
muscular dystrophy in, 606-607, 832 
myocardial lesions associated with, 607, 
607 
mycotic myocarditis in, 612 
myocardial disease in, 581-612, 582(t). 
See also Cardiomyopathy (cardiomyopa- 
thies) and specific types. 
myocardial infarction in, 610 
myocardial ischemia in, 610 
myocarditis in, 465, 610-612, 611, 832, 
833 
neosporosis in, 611-612 
“occult” dilated cardiomyopathy in, 594- 
595 
occult heartworm disease in, 705-706 
ostium primum-type atrial septal defect 
in, echocardiographic findings associ- 
ated with, 496, Plate 8 
ostium secundum-type atrial septal de- 
fect in, echocardiographic findings 
associated with, 134 


Dog(s) (Continued) 
pacemaker for. See Pacemaker. 
patent ductus arteriosus in. See also Duc- 
tus arteriosus, patent. 
angiocardiographic findings associated 
with, 508 
coil occlusion of, 511, 5/2 
echocardiographic findings associated 
with, 156, 510 
electrocardiographic findings associ- 
ated with, 510 
interventional cardiac catheterization 
for, 511, 512 
pathology of, 824 
phonocardiographic findings associ- 
ated with, 62 
treatment of, 228, 511, 512 
complications of, 511, 512 
pericardial cyst in, 686 
pericardial effusion in. See also Pericar- 
dial effusion. 
echocardiographic findings associated 
with, 165, 167, 691, 693 
effect of, on pericardial pressure-vol- 
ume relationships, 680 
electrocardiographic findings associ- 
ated with, 90, 691 
etiology of, 685-686 
prevalence of, 466 
radiographic appearance of, 118, 118 
tumors causing, 686 
pericardial mesothelioma in, 686, 688 
pericardial /peritoneopericardial dia- 
phragmatic hernia in, 683, 684. See 
also Diaphragmatic hernia, pericardial/ 
peritoneopericardial. 
pericardial pressure-volume relationships 
in, 680 
constrictive pericarditis and, 680 
pericardial effusion and, 680 
pericarditis in, constrictive, 696-698 
hemodynamic effects of, 680, 696, 
697, 698 
pathology of, 696, 696 
persistent atrial standstill (atrioventricu- 
lar myopathy) in, 403, 466, 607-608, 
608, 836, 837 
electrocardiographic characteristics of, 
81 
hyperkalemia and, 89 
persistent left cranial vena cava in, 529 
persistent right aortic arch in, prevalence 
of, 459(t), 462 
phonocardiography in, split second heart 
sound on, 55 
third heart sound on, abnormal, di- 
lated cardiomyopathy and, 56 
pleural effusion in, echocardiographic 
findings associated with, 693 
potassium overload in, electrocardio- 
graphic findings associated with, 89 
preanesthetic drugs for, 858(t). See also 
Anesthesia. 
protozoal myocarditis in, 611-612 
pulmonary edema in. See also Pulmonary 
edema. 
dilated cardiomyopathy and, 256 
treatment of, 261—262 
heart failure and, 256, 257 
mitral regurgitation and, treatment of, 
261 
morphine for, anxiolytic effects of, 260, 
260(t) 
radiographic findings associated with, 
256, 257, 258, 259, 261 
ruptured chordae tendineae and, 261 


Dog(s) (Continued) 
seizures and, 259 
pulmonic regurgitation in, and heart 
murmur, 62 
pulmonic stenosis in, 823 
angiocardiographic findings associated 
with, 189, 484 
echocardiographic evidence of, 136, 
160, 160, 486, Plate 3 
gross morphology of, 478, 479, 480, 
823 
prevalence of, 459(t), 460-461 
radiographic findings associated with, 
482 
right ventricular hypertrophy accompa- 
nying, 482 
pulmonic valve blood flow velocity in, 
Doppler-derived, 154(t) 
pulsed-wave Doppler echocardiography 
in. See also Dog(s), Doppler echocardiog- 
raphy in; Dog(s), echocardiography in. 
mitral regurgitation on, 137 
patent ductus arteriosus on, 156 
pulmonic stenosis on, 486 
radiography in. See also Radiography. 
aortic stenosis evidenced on, 491 
cardiac silhouette on, 108. See also 
Dog(s), radiography in, cardiomegaly 
on. 
cardiac tumor-related changes on, 692 
cardiomegaly on, 112 
dilated cardiomyopathy and, 256, 
591, 591, 592 
endocardiosis and, 113 
hypertrophic cardiomyopathy and, 
, 605 
tricuspid regurgitation and, 114 
cardiomyopathic changes on, 591, 591, 
592, 604, 605 
DCM-related changes on, 256, 591, 
591, 592 
dirofilariasis-related changes on, 117, 
123, 125, 709-710, 710, 717, 717- 
718 
features of heart failure on, 256, 257 
HCM-related changes on, 604, 605 
heartworm-related changes on, 117, 
123, 125, 709-710, 710, 717, 717- 
718 
intrapericardial cyst on, 686 
lymphadenopathy on, 121 
manifestations of mitral valve dysplasia 
on, 523 
pericardial cyst on, 686 
pericardial effusion on, 118, 118 
pericardial/peritoneopericardial dia- 
phragmatic hernia on, 684 
pulmonary edema on, 258 
dilated cardiomyopathy and, 256 
heart failure and, 256, 257 
noncardiogenic, 259 
ruptured chordae tendineae and, 
261 
seizures and, 259 
right ventricular enlargement on, 117 
signs of pulmonic stenosis on, 482 
signs of subaortic stenosis on, 491 
small heart on, 111 
thoracic conformation on, 109, 110 
tracheal collapse on, 122 
tricuspid valve dysplasia manifested on, 
114, 523 
VSD-related findings on, 503 
radionuclide angiocardiography in, 194 
ventricular abnormalities on, 194, 198 
re-entrant tachycardia in, atrioventricular 
nodal, 345-346, 346 


Dog(s) (Continued) 
bypass tract-mediated, 347 
sinus nodal, 339, 341 
right atrial enlargement in, electrocardio- 
graphic findings associated with, 77 
right atrial hemangiosarcoma in, 166, 
687, 694, 880 
echocardiographic findings associated 
with, 166, 694 
right bundle branch block in, 85, 85 
rightto-left shunt in, ASD and, echocardi- 
ographic findings associated with, 
134 
right ventricular cardiomyopathy in, 609 
right ventricular enlargement in, electro- 
cardiographic findings associated 
with, 78-79, 79 
radiographic appearance of, 117 
right ventricular hypertrophy in, electro- 
cardiographic findings associated 
with, 482 
ruptured chordae tendineae in, and pul- 
monary edema, 261 
second-degree atrioventricular block in, 
82, 375, 401 
sedatives for, 854(t) 
seizures in, pulmonary edema secondary 
to, 259 
shunt(ing) in, atrial septal defect and, 
echocardiographic findings associ- 
ated with, 134, 135 
patent ductus arteriosus and. See 
Dog(s), patent ductus arteriosus in. 
ventricular septal defect and, echocardi- 
ographic findings associated with, 
504 
sick sinus syndrome in, 93, 93, 402-403 
breed predisposition to, 355, 466 
electrocardiographic findings associ- 
ated with, 93, 93, 401 
syncope accompanying, 450 
tachycardia associated with, 355 
sinoatrial block in, 81 
sinus arrhythmia in, 92 
sinus nodal re-entrant tachycardia in, 
339, 341 
sinus node tachycardia in, 338-339 
sinus venosus-type atrial septal defect in, 
echocardiographic findings associ- 
ated with, 135 
sodium-restricted diet for, 741(t). See 
also Sodium-restricted diet. 
subaortic stenosis in. See Dog(s), aortic ste- 
nosis in. 
supraventricular tachyarrhythmias in, 
338-347 
differentiation of, from ventricular 
tachyarrhythmias, 332(t), 332- 
338 
P wave and QRS complex in, 333- 
334, 336, 337, 338 
QRS complex morphology in, 333, 
333, 334, 335 
unreliability of rhythm (ir)regulari- 
ties and pause length in, 334- 
335 
vagal maneuvers in, 335-336, 338, 
339, 340 
treatment of, 347-355 
adverse effects of, 351-352 
evidence of drug effectiveness in, on 
ECG, 349, 350, 351, 353 
supraventricular tachycardia in, 96, 338- 
347. See also Dog(s), supraventricular 
tachyarrhythmias in. 
AV node-dependent, 338, 345-347 


Dog(s) (Continued) 
treatment of, 354—355 
AV node-independent, 338-345 
treatment of, 348-354 
death risk associated with, 348 
F waves associated with. See Dog(s), 
atrial fibrillation in; Dog(s), atrial 
flutter in. 
syncope in. See also Syncope. 
bradyarrhythmias and, 451 
breed predisposition to, 451 (t) 
exercise testing for, 449 
sick sinus syndrome and, 450 
tachyarrhythmias and, 450 
tussive (“cough drop”), 453 
vasovagal, 452 
systemic vascular disease in, prevalence 
of, 467 
tachyarrhythmias in, 338-347, 355-361. 
See also Dog(s), tachycardia in. 
supraventricular. See Dog(s), supraventric- 
ular tachyarrhythmias in. 
syncope associated with, 450 
ventricular, 98, 99, 99, 355-361 
differentiation of, from supraventric- 
ular tachyarrhythmias. See 
Dog(s), supraventricular tachyar- 
rhythmias in, differentiation of. 
tachycardia in. See also Dog(s), supraven- 
tricular tachyarrhythmias in. 
atrioventricular nodal re-entrant, 345- 
346, 346 
automatic (ectopic) junctional, 346- 
347 
bypass tract-mediated macro-re-en- 
trant, 347, 355 
dilated cardiomyopathy associated 
with, 587 
ectopic atrial, 341, 341-342 
treatment of, 350-351 
ectopic (automatic) junctional, 346- 
347 
heart failure associated with, 587 
sick sinus syndrome and, 355 
sinus nodal re-entrant, 339, 341 
sinus node, 338-339 
supraventricular. See Dog(s), supraventric- 
ular tachycardia in. 
ventricular, 98, 99, 99 
taurine deficiency in, and dilated cardio- 
myopathy, 585-586 
supplements countering, 596, 916(t) 
temporary atrial fibrillation in, 354 
tetralogy of Fallot in, angiocardiographic 
findings associated with, 189, 514 
echocardiographic findings associated 
with, 516 
pathology of, 826 
prevalence of, 459(t), 462 
third-degree atrioventricular block in, 83, 
375, 401 
as indication for pacemaker, 402 
thromboembolism in, aspirin for, 908(t) 
heparin for, as element of therapy for 
heartworm disease, 713, 715, 719 
pulmonary, prevalence of, 467 
warfarin for, 917(t) 
toxoplasmosis in, and myocarditis, 611 
tracheal collapse in, radiographic appear- 
ance of, 122 
tricuspid stenosis in, 823 
tricuspid valve blood flow velocity in, 
Doppler-derived, 154(t) 
tricuspid valve dysplasia in, echocardio- 
graphic findings associated with, 158 
electrocardiographic findings associ- 
ated with, 524 
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Dog(s) (Continued) 
prevalence of, 459(t), 461-462 
radiographic manifestations of, 114, 
523 
trypanosomiasis in, 611 
and myocarditis, 611, 611, 833 
tussive syncope (“cough drop” syncope) 
in, 453. See also Syncope. 
24-hour electrocardiographic monitoring 
in, 331-332. See also Dog(s), electrocar- 
diography in. 
two-dimensional echocardiography in. 
See also Dog(s), echocardiography in. 
aortic stenosis on, 159, 159, 492 
cardiac tamponade on, 165 
cardiac tumor on, 694 
cor triatriatum on, 527 
dilated cardiomyopathy on, 593 
dirofilariasis-related changes on, 7/1 
Duchenne’s cardiomyopathy on, 607 
endocardiosis on, 161 
evidence of endocarditis on, 164 
heartworm-related changes on, 7/1 
hypertrophic cardiomyopathy on, 606 
intrapericardial cyst on, 686 
left-to-right shunt on, patent ductus ar- 
teriosus and, 156, 510 
mitral regurgitation on, endocardiosis 
and, 161 
muscular dystrophy-related myocardial 
lesions on, 607 
patent ductus arteriosus on, 156, 510 
pericardial cyst on, 686 
pericardial effusion on, 165, 693 
pleural effusion on, 165, 693 
pulmonic stenosis on, 160 
subaortic stenosis on, 159, 159, 492 
tetralogy of Fallot on, 516 
valvular stenosis on, 159, 159, 160 
vegetative mass on, endocarditis and, 
164 
ventricular septal defect on, 157, 502 
vagal maneuvers in, aiding differentiation 
of tachyarrhythmias, 335-336, 338, 
339, 340 
valvular heart disease in. See also valve- 
specific sub-entries, e.g., Dog(s), mi- 
tral stenosis in. 
acquired, 463(t), 463-464. Sce also En- 
docardiosis. 
breed predisposition to, 459(t)—461 (t), 
460, 461, 462, 463, 463(t) 
congenital, 459(t)—461 (t), 460-462, 
463(t) 
prevalence of, 459(t), 460-462, 463, 
464 
vascular disease in, pulmonary, preva- 
lence of, 467 
systemic, prevalence of, 467 
vasovagal syncope in, 452. See also Syn- 
cope. 
ventricular arrhythmias in, 98, 99, 99, 
355-361 
lethality of, 356-357, 370, 836 
vs. supraventricular arrhythmias. See 
Dog(s), supraventricular tachyarrhyth- 
mias in, differentiation of. 
ventricular extrasystoles in, 98 
breed predisposition to, 466 
ventricular pre-excitation in, 86 
ventricular septal defect in, angiocardio- 
graphic findings associated with, 
189, 501, 502 
radionuclide, 194 
echocardiographic evidence of, 157, 
501, 502, 504, Plate 6 


934 INDEX 


Dog(s) (Continued) 
electrocardiographic findings associ- 
ated with, 504 
prevalence of, 459(t), 461 
radiographic findings associated with, 
503 
ventricular tachyarrhythmias in, 98, 99, 
99, 355-361 
vs. supraventricular tachyarrhythmias. 
See Dog(s), supraventricular tachyar- 
rhythmias in, differentiation of. 
viral myocarditis in, 610-611, 832 
weakness in, episodic. See also Syncope. 
DCM and, electrocardiographic find- 
ings associated with, 449 
weight loss in, 44 
heart failure and, 47, 48 
weight of, ratio of heart weight to, 847(t) 
X-linked muscular dystrophy in, 606-607, 
832 
myocardial lesions associated with, 607, 
607 
Dog foods, commercial, mineral content of, 
742(t)—-743 (t) 
Dopamine, 233 
adverse effects of, 911(t) 
emergency use of, 438 
for atrioventricular block, in cat, 396 
for DCM and heart failure, in cat, 650 
for heart failure, 224, 229(t), 233, 260(t), 
911(t) 
in cat with dilated cardiomyopathy, 650 
for renal failure associated with shock, 
286 
for shock, 282-283, 283(t), 286 
recommended dosages of, for cat, 904(t), 
911 (t) 
for dog, 904(t), 911(t) 
Doppler echocardiography, 135-138, 153, 
155. See also Echocardiography. 
aortic regurgitation on, subaortic stenosis 
and, in dog, 490 
aortic stenosis on, 159 
in dog, 136, 490 
aortic valve blood flow velocity derived 
from, in cat, 154(t) 
in dog, 154(t) 
atrial septal defect on, in dog, 134, 135, 
496, Plates 7 & 8 
atrioventricular valve dysplasia on, 158 
in dog, 158 
blood flow monitoring via, in CPCR, 440 
blood flow velocity derived from, 137 
aliasing and, 137, 139-140 
intercept angle and, 136-137 
Nyquist limit and, 139-140 
valvular, in cat, 154(t) 
in dog, 154(t) 
cardiomyopathy on, 162, 163 
chronic acquired valvular disease (endo- 
cardiosis) on, 161 
colorflow, 139 
applications of, 559, 574, Plate 3, 
Plates 5 to 10 
continuous-wave. See Continuous-wave 
Doppler echocardiography. 
diastolic function assessed via, 623 
dilated cardiomyopathy on, 162 
endocardiosis on, 161 
evidence of endocarditis on, 574 
hypertrophic cardiomyopathy on, 163 
in cat, 627, 633-634 
imaging planes for, 143 
indications for, 153-154 
left-to-right shunt on, patent ductus arte- 
riosus and, in dog, 156 


Doppler echocardiography (Continued) 
ventricular septal defect and, in dog, 
504 
left ventricular relaxation abnormality 
on, 624, 624 
mitral regurgitation on, in dog, 137, 
Plate 10 
mitral stenosis on, in cat, 136 
mitral valve blood flow velocity derived 
from, in cat, 154(t), 624 
in cat with cardiovascular abnormali- 
ties, 624 
in dog, 154(t) 
myocardial diseases on, 162, 163 
patent ductus arteriosus on, in dog, 156 
pseudonormalization on, 624, 624 
pulmonic stenosis on, 159-160 
in dog, 136, 160, 486, Plate 3 
pulmonic valve blood flow velocity de- 
rived from, in cat, 154(t) 
in dog, 154(t) 
pulsed-wave. See Pulsed-wave Doppler echo- 
cardiography. 
restrictive filling pattern on, 624, 624 
shunt(ing) on, patent ductus arteriosus 
and, in dog, 156 
ventricular septal defect and, in dog, 
504 
subaortic stenosis on, 159 
in dog, 136, 490 
Tetralogy of Fallot on, 160 


tricuspid valve blood flow velocity derived 


from, in cat, 154(t) 
in dog, 154(t) 
tricuspid valve dysplasia on, 158 
in dog, 158 
valvular blood flow velocities derived 
from, in cat, 154(t) 
in dog, 154(t) 
valvular disease on, chronic acquired, 
161 
valvular dysplasia on, 158 
in dog, 158 
valvular regurgitation quantified via, 154 
valvular stenosis on, 159—160 
in cat, 136 
in dog, 136, 160 
ventricular septal defect on, in cat, Plate 
5 
in dog, 504, Plate 6 
Double-chambered right ventricle, 480 
in dog, 481 
Double-outlet right ventricle, 519 
Doxapram, adverse effects of, 911 (t) 
for respiratory arrest, 911 (t) 
recommended dosages of, for cat, 911 (t) 
for dog, 911(t) 
Doxorubicin, as cardiotoxin, in cat, 657 
in dog, 609 
“Drop” (collapse), syncopal. See Syncope. 
Drug(s), analgesic, for cat and dog, 854(t) 
anesthetic. See also Anesthesia. 
for cat and dog, 854(t), 858(t) 
bioavailability of, dosage calculations 
based on, 310 
cardiovascular. See also specific pharma- 
ceutical classes and agents. 
emergency use of, 431(t), 437-438 
routes for, 435-437 
recommended dosages of, for cat and 
dog, 903(t)-917 (t) 
side effects of, 908(t)-917(t) 
and hypotension, in dog, 351, 351 
and syncope, 453 
clearance and extraction of, 312 
by liver, 312 


Drug(s) (Continued) 
half-life of, 213 
preanesthetic, 858(t), 858-861, 859(t). 
See also Anesthesia. 
sedative, for cat and dog, 854(t) 
volume of distribution of, 312-313 
Duchenne’s cardiomyopathy, in dog, 607, 
607, 832 
Ductus arteriosus, patent, 505-512 
angiocardiographic findings associated 
with, 508-509 
in dog, 508 
canine breed predisposition to, 460, 
460(t) 
coil occlusion of, 190 
in dog, 511, 512 
echocardiographic evidence of, 154- 
155, 507 
in dog, 156, 510 
electrocardiographic findings associ- 
ated with, 507 
in dog, 510 
heart murmurs accompanying, 62 
in dog, 62 
interventional cardiac catheterization 
for, 190 
in dog, 511, 512 
left-to-right shunt accompanying, 507- 
508, 824 
echocardiographic findings associ- 
ated with, 154-155, 507 
in dog, 156, 510 
treatment of, in dog, 511, 512 
pathology of, 824 
in dog, 824 
prevalence of, in dog, 459(t), 459-460 
pulmonary hypertension accompa- 
nying. See Ductus arteriosus, patent, 
“reversed.” 
“reversed,” 509-512 
echocardiographic findings associ- 
ated with, 155, 510 
right-to-left shunt accompanying, 509- 
512, 824 
echocardiographic findings associ- 
ated with, 155, 510 
treatment of, 190, 876, 876-877, 877 
in dog, 511, 512 
complications of, 511, 512 
in dog with heart failure, 228 
recanalization following, 877 
volume overload associated with, 209- 
210, 210 
Ductus venosus, patent, 529 
Dysplasia, atrioventricular valve, 158 
echocardiographic findings associated 
with, 158 
in dog, 158 
pathology of, 824 
mitral valve, 523-524, 525, 526 
angiocardiographic findings associated 
with, 524 
in dog, 189, 525 
canine breed predisposition to, 462 
electrocardiographic findings associ- 
ated with, 523 
in dog, 524 
prevalence of, in dog, 459(t), 462 
radiographic findings associated with, 
523 
in dog, 523 
right ventricular, arrhythmogenic, in cat, 
653-655, 654, 655, 831-832 
in dog, 609 
in man, 608-609 
tricuspid valve, 158, 524-526 


Dysplasia (Continued) 
angiocardiographic findings associated 
with, 525 
canine breed predisposition to, 461- 
462 
echocardiographic findings associated 
with, 158 
in dog, 158 
electrocardiographic findings associ- 
ated with, 525 
in dog, 524 
prevalence of, in dog, 459(t), 461-462 
radiographic findings associated with, 
525 
in dog, 114, 523 
valvular, 158 
echocardiographic findings associated 
with, 158 
in dog, 158 
Dyspnea, 46 
causes of, 43 
signs accompanying, 46, 47 
Dystrophy, muscular, in dog, 606-607, 832 
myocardial lesions associated with, 
607, 607 


Early afterdepolarizations, 298, 299 
Early diastolic heart sounds, 55 
Ebstein’s anomaly, 158 
Eccentric myocardial hypertrophy, volume 
overload and, 208, 757, 818 
ECG. See Electrocardiographic characteristics; 
Electrocardiography. 
Echocardiography, 130-168 
acquired heart disease on, 160-168 
aortic regurgitation on, subaortic stenosis 
and, 492 
in dog, 490 
aortic stenosis on, 159, 488, 489, 490 
in dog, 136, 159, 159, 490, 491, 492, 
Plate 4 
aortic valve blood flow velocity derived 
from, in cat, 154(t) 
in dog, 154(t) 
arteriovenous fistula on, 790, 791 
atrial septal defect on, 157-158, 498 
in dog, 134, 135, 496 
atrioventricular valve disease on, chronic 
acquired. See Echocardiography, endo- 
cardiosis on. 
atrioventricular valve dysplasia on, 158 
in dog, 158 
blood flow velocity derived from. See 
Doppler echocardiography, blood flow ve- 
locity derived from. 
canine. See Dog(s), echocardiography in. 
cardiac tamponade on, 164 
in dog, 165 
cardiac tumor on, 168 
in cat, 694 
in dog, 166, 693, 694 
cardiomyopathy on, 162, 163 
in cat, 633-634, 648-649 
in dog, 591-594, 605, 607 
chemodectoma on, cardiac, in dog, 166, 
694 
color-flow Doppler, 139 
applications of, 559, 574, Plate 3, 
Plates 5 to 10 
color M-mode, Plate 4 
congenital heart disease on, 154-160, 
475-476 
constrictive pericarditis on, 698 
contrast, 134, 134, 135 


Echocardiography (Continued) 
atrial septal defect on, in dog, 134, 135 
shunt(ing) on, atrial septal defect and, 
in dog, 134, 135 
cor triatriatum on, in dog, 527 
diastolic function assessed via, 623 
dilated cardiomyopathy on, 162 
in cat, 648, 648-649 
in dog, 591-594, 593 
dirofilariasis-related changes on, 167 
in cat, 731, 733 
in dog, 710, 711 
Doppler studies in. See Doppler echocardiog- 
raphy. 
double-chambered right ventricle on, in 
dog, 481 
Duchenne’s cardiomyopathy on, in dog, 
607, 607 
Eisenmenger’s physiology on, 519 
endocardiosis and mitral regurgitation 
on. See Echocardiography, mitral regur- 
gitation on. 
endomyocardial scarring on, idiopathic, 
163 
evidence of endocarditis on, 163, 573- 
575, 574 
in dog, 164 
examination table for, 140, 140 
feline. See Cat(s), echocardiography in. 
heart disease on, acquired, 160-168 
congenital, 154-160, 475-476 
heartworm-related changes on, 167 
in cat, 731, 733 
in dog, 710, 711 
hemangiosarcoma on, right atrial, in 
dog, 166, 694 
hypertrophic cardiomyopathy on, 163 
in cat, 626, 627, 629, 633, 633-634 
in dog, 605, 606 
idiopathic endomyocardial scarring on, 
163 
imaging planes for, 133, 141-143, 141- 
144 
intrapericardial cyst on, in dog, 686 
left-to-right shunt on, patent ductus arte- 
riosus and, 154-155, 507 
in dog, 156, 510 
ventricular septal defect and, in dog, 
504 
left ventricular outflow tract obstruction 
on, HCM and, in cat, 626, 627 
left ventricular relaxation abnormality 
on, 624, 624 
mitral regurgitation on, 161, 546-550 
in cat, 627 
in dog, 137, 161, Plate 10 
mitral stenosis on, in cat, 136 
mitral valve blood flow velocity derived 
from, in cat, 154(t), 624 
in cat with cardiovascular abnormali- 
ties, 624 
in dog, 154(t) 
M-mode. See M-mode echocardiography. 
muscular dystrophy—related myocardial le- 
sions on, in dog, 607, 607 
myocardial diseases on. See Echocardiogra- 
phy, cardiomyopathy on. 
myocardial fibrosis on, aortic stenosis 
and, 488, 489 
normal findings on, in cat, 146(t) 
in dog, 133, 145(t) 
ostium primum/ostium secundum-type 
atrial septal defect on. See Echocardi- 
ography, atrial septal defect on. 
patent ductus arteriosus on, 154-155, 
507, 510 


INDEX 935 


Echocardiography (Continued) 
in dog, 156, 510 
“reversed,” 155, 510 
pericardial cyst on, in dog, 686 
pericardial effusion on, 164, 167, 693 
in dog, 165, 167, 691, 693 
pleural effusion on, 167 
in cat, 165, 168 
in dog, 165, 693 
pseudonormalization on, 624, 624 
pulmonic regurgitation on, 559 
pulmonic stenosis on, 159-160, 482-483 
in dog, 136, 159-160, 160, 486, Plate 3 
pulmonic valve blood flow velocity de- 
rived from, in cat, 154(t) 
in dog, 154(t) 
restrictive cardiomyopathy on, 163 
in cat, 643, 644 
restrictive filling pattern on, 624, 624 
“reversed” patent ductus arteriosus on, 
155, 510 
right atrial hemangiosarcoma on, in dog, 
166, 694 
right-to-left shunt on, 134 
atrial septal defect and, in dog, 134 
patent ductus arteriosus and, 155, 510 
right ventricle on, double-chambered, in 
dog, 481 
scarring on, endomyocardial, idiopathic, 
163 
shunt(ing) on, atrial septal defect and, in 
dog, 134, 135 
patent ductus arteriosus and, 154-155, 
` 507, 510 
in dog, 156, 510 
ventricular septal defect and, in dog, 
504 
sinus venosus-type atrial septal defect on. 
See Echocardiography, atrial septal defect 
on. 
spontaneous contrast (“smoke”) on, 167, 
636-637, 661 
in cat with hypertrophic cardiomyopa- 
thy, 633 
subaortic stenosis on, 159, 488, 489, 490 
in dog, 136, 159, 159, 490, 491, 492, 
Plate 4 
tetralogy of Fallot on, 160, 517 
in dog, 516 
three-dimensional, 134 
thyrotoxicosis-related heart lesions on, in 
cat, 783 
transesophageal, 132, 134 
tricuspid regurgitation on, 557-558 
tricuspid valve blood flow velocity derived 
from, in cat, 154(t) 
in dog, 154(t) 
tricuspid valve dysplasia on, 158 
in dog, 158 
two-dimensional. See Two-dimensional echo- 
cardiography. 
valvular blood flow velocities derived 
from, in cat, 154(t) 
in dog, 154(t) 
valvular dysplasia on, 158 
in dog, 158 
valvular regurgitation quantified via, 154 
valvular stenosis on, 159-160 
in cat, 136 
in dog, 136, 159, 159, 160, 160 
vegetative mass on, endocarditis and, 163 
in dog, 164 
ventricular septal defect on, 156-157 
in cat, Plate 5 
in dog, 157, 501, 502, 504, Plate 6 
vs. radiography, in terms of diagnostic 
yield, 107 
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Ectopic atrial tachycardia, in dog, 341, 
341-342 
treatment of, 350-351 
Ectopic beats. See also Extrasystoles. 
and abnormal heart sounds, 57 
Ectopic junctional tachycardia (automatic 
junctional tachycardia), in dog, 
346-347 
Edema, chlorothiazide for, 909(t) 
hydrochlorothiazide for, 912(t) 
peripheral, causes of, 44, 47 
pulmonary. See Pulmonary edema. 
Edrophonium, adverse effects of, 911 (t) 
for arrhythmias, 91] (t) 
recommended dosages of, for cat, 911(t) 
for dog, 911(t) 
Edrophonium chloride, for 
supraventricular tachycardia, in 
dog, 349 
evidence of effectiveness of, on ECG, 
351 
Effusion, pericardial. See Pericardial effusion. 
pleural, 126 
echocardiographic findings associated 
with, 167 
in cat, 165, 168 
in dog, 165, 693 
in surgical patient, 857 
radiographic findings associated with, 
126 
in cat with dilated cardiomyopathy, 
648 
Einthoven triangle, in electrocardiography, 
74, 76 
Eisenmenger’s physiology, 157, 518-519 
pulmonary lesions associated with, 826 
Ejection sounds, 54 
EKG, See Electrocardiographic characteristics; 
Electrocardiography. 
Electrical alternans, pericardial effusion 
and, 90, 691-692 ` 
in dog, 90, 691 
Electrocardiographic characteristics. See 
also Klectrocardiography. 
of aberrant conduction, 100-101, 707 
of aldosteronism (Conn’s disease), 765, 
765 
of antiarrhythmic drug effects, 311(t) 
in dog, 361, 361 
in dog with atrial flutter or fibrillation, 
353 
in dog with supraventricular tachycar- 
dia, 349, 350, 351 
of aortic stenosis, 490 
in dog, 489 
of atrial extrasystoles, 94 
in cat, 391, 391 
in dog, 94 
of atrial fibrillation, 95-96 
in cat, 392, 392 
in dog, 95, 343, 343, 344, 401 
of atrial flutter, 94-95 
in cat, 391 
in dog, 95, 342, 342, 401 
of atrial septal defect, 498 
in dog, 499 
of atrial standstill due to hyperkalemia, 
in dog, 89 
of atrial tachycardia, in cat, 391, 392 
of atrioventricular block, 81-84 
in cat, 82, 83, 394-395, 395, 401 
in dog, 82, 82, 83, 401 i 
of atrioventricular nodal re-entrant tachy- 
cardia, in dog, 345, 346 
of automatic (ectopic) junctional tachy- 
cardia, in dog, 347 


Electrocardiographic characteristics 
(Continued) 
of bradyarrhythmias, in cat, 401 
in dog, 401 
of bundle branch block, 84, 84-85, 85 
of bypass tract-mediated macro-re-en- 
trant tachycardia, in dog, 347 
of cardiomegaly, 77-80, 78-80 
of cardiomyopathy, in cat, 630, 631 (t), 
643-644, 648 
in dog, 590(t), 590-591, 605 
of concealed conduction, 101, 701 
of congenital heart disease, 476 
of constrictive pericarditis, 697 
of dilated cardiomyopathy, in cat, 648 
in dog, 590(t), 590-591 
in dog with episodic weakness, 449 
in dog without overt signs of disease, 
594-595, 595 (t) 
of ectopic atrial tachycardia, in dog, 341, 
341 
of ectopic (automatic) junctional tachy- 
cardia, in dog, 347 
of electrical alternans due to pericardial 
effusion, 90, 691-692 
in dog, 90, 691 
of endocarditis, 575 
of fascicular block, 85, 85-86 
of hypercalcemia, 768, 768 
of hyperkalemia, 89-90, 768, 769 
in dog, 89 
of hypertrophic cardiomyopathy, in cat, 
630, 631(t) 
in dog, 605 
of hypocalcemia, 768, 769 
in thyroidectomized cat, 784 
of hypokalemia, 768, 769 
of infectious endocarditis, 575 
of left atrial enlargement, 78, 78 
of left bundle branch block, 84, 84 
of left ventricular enlargement, 79-80, 80 
of mitral regurgitation, 545 
of mitral valve dysplasia, 523 
in dog, 524 
of myocardial infarction, 88-89, 89 
of pacemaker effects, in dog, 404, 407, 
408, 411, 413, 419-422, 424 
of parasystole, 101-102 
of patent ductus arteriosus, 507 
in dog, 510 
of pericardial effusion, 90, 691-692 
in dog, 90, 691 
of persistent atrial standstill, 81 
in cat, 81, 81 
in dog, 81 
in dog with hyperkalemia, 89 
of potassium deficit, 768, 769 
of potassium overload, 89-90, 768, 769 
in dog, 89 
of pulmonic regurgitation, 559 
of pulmonic stenosis, 481] 
in dog, 482 
of re-entrant activation. See Reentrant en- 
tries. 
of restrictive cardiomyopathy, in cat, 
631(t), 643-644 
of right atrial enlargement, 77-78 
of right bundle branch block, 84-85, 85 
of right ventricular enlargement, 78-79, 
79 
of sick sinus syndrome, in dog, 93, 93, 
401 
of sinoatrial block, 80, 87 
of sinus arrest, 92-93, 93 
of sinus arrhythmias, 92, 92 
of sinus bradycardia, 91 


Electrocardiographic characteristics 
(Continued) 
in anesthetized cat, 92 
of sinus nodal disturbances, in cat, 390 
in dog, 338, 339 
of sinus tachycardia, 91 
in hyperthyroid cat, 90 
of subaortic stenosis, 490 
in dog, 489 
of supraventricular tachyarrhythmias, 96 
in cat, 391 
in dog, 96 
vs. ventricular tachyarrhythmias, 
333-334, 333-338 
of tetralogy of Fallot, 517 
of thromboembolism, in cat, 661 
of thyrotoxic heart disease, in cat, 83, 90, 
90, 782-783, 783, 783(t) 
of tricuspid valve dysplasia, 525 
in dog, 524 
of ventricular asystole, 99-100 
of ventricular extrasystoles, 97-98 
in cat, 396, 396 
in dog, 98 
of ventricular fibrillation, 99, 99 
of ventricular flutter, 99 
of ventricular pre-excitation, 86-87 
in cat, 393, 394 
in dog, 86 
of ventricular septal defect, 503 
in dog, 504 
of ventricular tachyarrhythmias, 98-99 
in cat, 98, 99, 396, 397 
in dog, 98, 99, 99 
vs. supraventricular tachyarrhyth- 
mias, 333-334, 333-338 
Electrocardiography, 67-103, 73. See also 
Electrocardiographic characteristics. 
ambulatory. See Electrocardiography, Holter 
(24-hour). 
arrhythmia detection via, 77(t), 90-100 
in cat, 389-390 
results of. See specific findings cited 
under Cai(s), electrocardiography 
in. 
in dog, 331-332 
results of. See specific findings cited 
under Dog(s), electrocardiography 
in. 
arrhythmia plus syncope detection via, 
448-449, 449 
combined with phonocardiography, 52, 
52 
computed, 102 
Einthoven triangle in, 74, 76 
F waves on. See Fibrillation; Futter. 
heart rate calculation via, 74 
historical development of, 67 
Holter (24hour), 102, 102 
in detection of arrhythmias and syn- 
cope, 448, 449 
in detection of canine arrhythmias, 
331-332. See also Dog(s), electrocar- 
diography in. 
in CPCR, 440 
indications for, 72, 73(t) 
intracavitary, 103, 103 
ladder diagrams in, 100, /00, 101 
leads for, 68, 68(t), 69, 70, 75, 76 
limitations of, 73, 77 
mean electrical axis in, 74, 76 
normal results of, 75(t) 
postoperative, results of, in thyroidecto- 
mized cat, 783, 784 
P wave on. See P wave. 
QRS complex on. See QRS complex. 


Electrocardiography (Continued) 
Q-T interval on. See Q-T interval. 
recording of results in, 68, 68 
signal-averaging, 103 
S-T segment on. See ST segment. 
surface, 71 
transtelephonic, 102 
T wave on. See T wave. 
24hour. See Llectrocardiography, Holter (24- 
hour). 
Electrocution, cardiac manifestations of, 
774 
Electronic stethoscopes, 52 
Elevational resolution (azimuthal 
resolution), in ultrasonography, 131 
Embolism. See also Thromboembolism. 
aortic, distal, in cat, 658, 658, 660, 662 
sequelae of, 44, 660, 663 
prevalence of, in cat, 467 
brachial artery, in cat, sequelae of, 660 
saddle. See Embolism, aortic, distal. 
Embolization, and infarction, as sequelae of 
infectious endocarditis, 570, 571 
Embolization technique, in treatment of 
patent ductus arteriosus, 190 
in dog, 511, 512 
Emergency management, of 
cardiopulmonary arrest, 427-441. See 
also Cardiopulmonary cerebral 
resuscitation. 
of hypertension, 808 
Enalapril, adverse effects of, 911(t) 
for DCM and heart failure, in cat, 651 
in dog, 597 
for HCM, in cat, 635, 636, 640 
for HCM and myocardial infarction, in 
cat, 635 
for heart failure, 237(t), 241-242, 485(t), 
911(t) 
in cat with dilated cardiomyopathy, 651 
in dog with dilated cardiomyopathy, 
597 
for hypertension, 805(t), 911(t) 
for myocardial infarction, in cat with hy- 
pertrophic cardiomyopathy, 635 
for pulmonary edema. See also Enalapril, 
Jor heart failure. 
in cat with hypertrophic cardiomyopa- 
thy, 261 
recommended dosages of, for cat, 903(t), 
911(t) 
for dog, 903(t), 911(t) 
Endocardial cushion defects, pathology of, 
825 
Endocardial fibroelastosis, 466, 527-528, 
652 
in cat, 527, 652 
Endocardial pacemaker, implantation of, 
414-415, 416(t)-418(t) 
Endocardiosis, 536-558, 888 
canine breed predisposition to, 463, 
463(t), 540, 541. See also King 
Charles spaniel, endocardiosis in. 
epidemiology of, 540, 554 
etiology of, 538-539 
heart failure in, 888-892. See also Heart 
failure, mitral regurgitation and. 
heart murmur accompanying, in dog, 
540, 541, 544-545 
correlated with severity of associated 
heart failure, 544, 545 
mitral regurgitation associated with, 161, 
536-555, See also Mitral regurgitation. 
neurohormonal response associated with, 
in dog, 542, 543 
pathology of, 537-538, 828 


Endocardiosis (Continued) 
in dog, 539 
prognosis associated with, 553 
in dog, 553 
radiographic features of, 113 
rupture of chordae tendineae as sequela 
of, 553-554 
rupture of left atrium as sequela of, 554- 
555, 555 
signs of, 544-545 
surgery for, 877 
Endocarditis. See also Myocarditis. 
infectious, 567-578 
advancing age as risk factor for, in dog, 
568 
antibiotics for, 576, 577(t) 
prophylactic use of, 577-578 
diagnosis of, 571-575 
criteria for, 572(t) 
echocardiographic findings associated 
with, 163, 573-575, 574 
in dog, 164 
epidemiology of, 567-568 
organisms commonly associated with, 
576(t) 
pathogenesis of, 568-570 
pathology of, 567-568, 569 
in dog, 569 
prevalence of, in cat, 567 
in dog, 464, 567, 568 
prevention of, 577-578 
sequelae of, 570-571, 571, 573 
therapy for, 576-577, 577(t) 
valvular lesions in, 569, 570 
vegetative, 163, 567-568, 569 
echocardiographic appearance of, 
164, 573, 574 
in dog, 164 
thrombotic, nonbacterial, 568 
Endocardium, 15. See also Endocardial 
entries and Endocarditis. 
cardiac jelly separating myocardium 
from, 4 
cushion defects of, pathology of, 825 
fibroelastosis of, 466, 527-528, 652 
in cat, 527, 652, 827 

Endomyocardial fibrosis, in cat, 465, 831, 
831 

Endomyocardial form, of RCM, in cat, 641, 
642, 643, 643. See also Restrictive 
cardiomyopathy. 

Endomyocardial scarring, idiopathic, 
echocardiographic findings associated 
with, 163 

Endomyocarditis. See also Endocarditis and 
Myocarditis. 

in cat, 465, 832 

Endotracheal drug delivery, in advanced 
life support, 435-436 

Endotracheal intubation, in basic life 
support, 429 

Enflurane, as anesthetic agent, 862 

English bulldog. See also Dog(s). 

echocardiography in, cardiac tumor on, 
166 
English Cocker spaniel. See also Dog(s). 
dilated cardiomyopathy in, 583 
M-mode echocardiography in, normal 
findings on, 145(t) 
English Setter. See also Dog(s). 
echocardiography in, evidence of endo- 
carditis on, 164 
English sheepdog. See also Dog(s). 
dilated cardiomyopathy in, 582(t), 583 
English springer spaniel. See also Dog{(s). 
atrioventricular myopathy in, pathology 
of, 837 
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Enhancement, acoustic, 132 
Enrofloxacin, for endocarditis, 577 (t) 
Eosinophil(s), pulmonary infiltration of, in 
dog with heartworm disease, 716 
treatment of, 714, 716, 718 
subendocardial infiltration of, in cat, 643 
Ephedrine, for shock, 283, 283(t) 
Epicardial pacemaker implantation, 415, 
419(t) 
Epicardium (visceral pericardium), 14, 15, 
679, 680. See also Pericardial entries. 
Epinephrine, emergency use of, 431(t), 
437, 911(t) 
for shock, 283, 283(t) 

Episodic weakness, 446. See also Syncope. 
canine DCM and, electrocardiographic 
findings associated with, 449 

differential diagnosis of, 447 (t) 
Equilibrium radionuclide 
angiocardiography, 195 
in evaluation of ventricular function, 
195-198, 197, 197(t), 198 
Equipment, for cardiac catheterization, 
174, 175, 176, 177 
for cardiac pacing, 406-411, 410. See 
also Pacemaker. 
for cardiopulmonary cerebral resuscita- 
tion, 429 
Equivalent dipole theory, 71-72, 72 
Erythrocyte(s), increase in mass of, cardiac 
manifestations of, 772-773 
substitutes for, in management of shock, 
f 280 
Esmolol, 322 
adverse effects of, 322, 911(t) 
electrocardiographic parameters affected 
by, 311(t) 
for arrhythmias, 322, 911(t) 
in cat, 398 
in cat with dilated cardiomyopathy, 650 
in dog, 315(t), 348 
for DCM and arrhythmias, in cat, 650 
for supraventricular tachycardia, in dog, 
348 
for ventricular tachycardia, in cat, 398 
recommended dosages of, for cat, 903(t), 
911(t) 
for dog, 903(t), 904(t), 911 (t) 
Esophagus, anomalies compressing, 120, 
528 
ultrasonographic transducer in, 132 
Etomidate, as anesthetic agent, 86] 
Examination table, for echocardiography, 
140, 140 
Exercise intolerance, 46-47 
conditions contributing to, 43(t), 44 
Exercise testing, for syncope, in dog, 449 
Exhaustion, myocardial, in response to 
volume overload, 209 
External chest compressions, in basic life 
support, 433-434 
factors limiting effectiveness of, 434(t) 
External jugular vein, right-sided cardiac 
catheterization via, 177, 178. See also 
Cardiac catheterization. 
External pacemaker, 408. See also 
Pacemaker. 
implantation of, 414(t) 
Extracardiac stimulation, by pacemaker, 422 
Extraction ratio, drug clearance and, 312 
hepatic, 312 
Extrasystoles. See also Ectopic entries. 
atrial, 94 
in cat, 391, 39] 
in dog, 94 
junctional, 97 
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Extrasystoles (Continued) 
in dog, 97 
ventricular, 97-98 
in cat, 396, 396, 397, 398 
in dog, 98 
breed predisposition to, 466 
with abnormal heart sounds, 57 
Eye(s), effects of hypertension on, 802, 
802(t), Plate 2 
results of examination of, in diagnosis of 
cardiovascular disease, 45, 49, Plate 
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F waves, in dog with supraventricular 
tachycardia. See Fibrillation, atrial, in 
dog; Flutter, atrial, in dog. 

Failing heart. See Heart failure. 

Familial disorders. See Genetic/familial basis. 

Far field, in ultrasonography, 131 

Fascicular block, 85, 85-86 

Feline breed predisposition, to dilated 
cardiomyopathy, 623 

to hypertrophic cardiomyopathy, 623, 
624-625 

Feline infectious peritonitis, pericardial 
lesions accompanying, 688 

Femoral artery, left-sided cardiac 
catheterization via, 179-180. See also 
Cardiac catheterization. 

Femoral vein, right-sided cardiac 
catheterization via, 177. See also 
Cardiac catheterization. 

Fetus, cardiac work overload in, effect of, 
9-10 

circulation in, 8, 8 
transition from, to blood flow in new- 
born animal, 8-9 
myocardial cell growth in, 9 

Fever, infectious endocarditis and, 572 

Fibrillation, atrial, 94-95 
in cat, 392, 392 
in dog, 95, 343, 343, 344, 345, 401 

and dilated cardiomyopathy, 588, 
591 
lethality of, 601 
occurring asymptomatically, among 
large breeds, 466 
temporary, 354 
treatment of, 352, 354 
evidence of drug effectiveness in, 
on ECG, 353 
murmurs and altered heart sounds as- 
sociated with, 57 
ventricular, 99, 99 
bretylium for, 909(t) 
countershock for, 438-439 
Fibroclastosis, endocardial, 466, 527-528, 
652 
in cat, 527, 652, 827 
Fibrosis, endomyocardial, in cat, 465, 831, 
831 
myocardial, aortic stenosis and, 487—488 
echocardiographic findings associ- 
ated with, 488, 489 
heart failure and, 819, 821 
pulmonary, radiographic findings associ- 
ated with, 126 
thrombogenicity of, 659 
Fick equation, 184 
First heart sound, 54 
split, 54 
First-degree atrioventricular block, 82-83 
in cat, 82, 394, 395 
in dog, 82, 82, 375 


` 


First-pass radionuclide angiocardiography, 
194, 194 
in evaluation of shunts, 194, 194-195, 
195, 196 
in evaluation of ventricular function, 
198-199 
Fistula(s), arteriovenous, 790-791 
cardiac manifestations of, 762, 790 
diagnosis of, 790 
echocardiography in, 790, 791 
Fixation, of heart, 848-849 
Flecainide, adverse effects of, 911(t) 
for arrhythmias, 911 (t) 
in dog, 350, 354 
for atrial fibrillation, in dog, 354 
for supraventricular tachycardia, in dog, 
350 
recommended dosages of, for dog, 
911(t) 
Fluid therapy, in management of shock, 
270, 275-279 
Flutter, atrial, 94-95 
in cat, 391-392 
in dog, 342, 342-343, 401 
treatment of, 352 
evidence of drug effectiveness in, 
on ECG, 353 
ventricular, 99 
Foramen ovale, 17 
Fossa ovalis, 17 
Fourth aortic arch, right, persistent. See 
Aortic arch(es), right, persistent. 
Fourth heart sound, 56 
Fox terrier. See also Dog(s). 
radiography in, signs of pulmonic steno- 
sis on, 482 
Frank-Starling law, 29-30 
Frequency, of sound waves, 131 
Fungal myocarditis, in dog, 612 
Furosemide, 236 
adverse effects of, 912(t) 
for DCM and heart failure, in cat, 649, 
651 
in dog, 596, 597 
for HCM and heart failure, in cat, 637, 
638, 641 
for heart failure, 223, 235(t), 236, 485(t), 
912(t) 
in cat with dilated cardiomyopathy, 
649, 651 
in cat with hyperthyroidism, 786 
in cat with hypertrophic cardiomyopa- 
thy, 637, 638, 641 
in cat with mitral regurgitation, 551 
in dog with dilated cardiomyopathy, 
596, 597 
in dog with mitral regurgitation, 551, 
552 
International Small Animal Cardiac 
Health Council recommendations 
regarding, 905(t) 
for hypertension, 805(t) 
for mitral regurgitation and heart failure, 
in cat, 551 
in dog, 551, 552 
for pulmonary edema, 259, 260(t). See 
also Furosemide, for heart failure. 
for renal failure associated with shock, 
286 
recommended dosages of, for cat, 903(t), 
912(t) 
for dog, 903(t), 912(t) 


Gallop rhythms, 56-57 


Gastric dilatation-volvulus, cardiac 
manifestations of, 771 
Gastrointestinal tract, diseases of, cardiac 
manifestations of, 770-772 
effects of shock on, 286 
embolization to, in infectious endocardi- 
tis, 571 
Gated equilibrium radionuclide 
angiocardiography, 195 
in evaluation of ventricular function, 
195-198, 197, 197(t), 198 
Genetic/familial basis, for dilated 
cardiomyopathy, in dog, 585 
in man, 585 
for hypertrophic cardiomyopathy, in cat, 
625, 637 
in man, 625 
Gentamicin, for endocarditis, 577 (t) 
German shepherd. See also Dog(s). 
dilated cardiomyopathy in, 582(t) 
echocardiography in, pericardial effusion 
on, 165 
radiography in, signs of pericardial/peri- 
toneopericardial diaphragmatic her- 
nia on, 684 
small heart on, 711 
sudden death of, ventricular arrhythmias 
and, 370, 836 
Gianturco coil embolization, for patent 
ductus arteriosus, 190 
in dog, 511, 512 
Globulin(s), elevated serum levels of, 
cardiac manifestations of, 772-773 
Glomerulonephritis, infectious endocarditis 
and, 570 
Glucose, in management of shock, 286 
Glycogen storage disease, 768, 837 
Glycopyrrolate, adverse effects of, 315(t), 
912(t) 
as preanesthetic agent, 858(t), 859(t) 
electrocardiographic parameters affected 
by, 311(t) 
for arrhythmias, 912(t) 
in dog, 315(t) 
for atrioventricular block, in cat, 396 
for cardiovascular drug-induced hypoten- 
sion, in dog, 351 
recommended dosages of, for cat, 904(t), 
912(t) 
for dog, 904(t), 912(t) 
Golden retriever. See also Dog(s). 
cardiac tumor in, echocardiographic find- 
ings associated with, 166 
dilated cardiomyopathy in, 583 
M-mode echocardiography in, normal 
findings on, 145(t) 
muscular dystrophy in, 607, 832 
pulmonary hypervascularity in, radio- 
graphic appearance of, 122-123, 124 
Gordon setter. See also Dog(s). 
occlusion of patent ductus arteriosus in, 
512 
Granulomatosis, eosinophilic, in dog with 
heartworm disease, 716-718 
lymphomatoid, in dog with heartworm 
disease, 718 
Great Dane. See also Dog(s). 
dilated cardiomyopathy in, 582(t), 583, 
584 
pericardial effusion in, echocardio- 
graphic findings associated with, 165 
Great vessels. See Heart, valve(s) of. 
Greyhound. See also Dog(s). 
M-mode echocardiography in, normal 
findings on, 145(t) 
Growth hormone (somatotropin), 766 


Growth hormone (somatotropin) 
(Continued) 
excess secretion of, 766 
in cat, 656 
cardiovascular abnormalities associ- 
ated with, 656 
Guide wires, selection of, for cardiac 
catheterization, 177 


Half-life, of drugs, 213 
Half-power distance, in ultrasonography, 
131 
Halothane, as anesthetic agent, 862 
HCM. See Hypertrophic cardiomyopathy. 
Head and neck, examination of, 47-50 
Heart, 15-21 
acquired disease of. See Heart disease(s), 
acquired and specific conditions. 
anatomy of, 15-21 
external, 16, 16, 17 
internal, 18 
angiography of. See Angiocardiography. 
apex of, 15, 16 
atrial septal defect in. See Atrial septal de- 
fect. 
atria of. See Atrium (atria). 
auscultation of, 52-53, 53. See also Heart 
murmurs; Heart sound(s). 
base of, 15, 19 
fibrous “skeleton” at, 15, 19 
catheterization of. See Cardiac catheteriza- 
tion. 
computed tomography of, 199, 199-200 
conduction system of. See Conduction en- 


tries. 

congenital disease of. See Congenital heart 
disease. 

contraction and relaxation of, cycle of, 
33-35, 34 


damage to, affecting action potentials, 
293-295, 294, 295 

disorders of. See Heart disease(s); Heart 
failure; and specific conditions. 

drug injection in, and cardiopulmonary 
cerebral resuscitation, 436 

Ebstein’s anomaly of, 158 

electrophysiology of, 291-293 

abnormal, and arrhythmias, 295-303, 
296(t). See also Arrhythmia(s). 

embryologic development of, 3-7 

enlargement of. See Cardiomegaly. 

failure of. See Heart failure. 

fixation of, 848-849 

Frank-Starling law of, 29-30 

growth of, 9, 9 

histopathologic sectioning of, 848, 848 

impaired performance of, responses to, 
759(t) 

innervation of, 22-23 

layers of. See Endocardium; Epicardium; 
Myocardium. 

magnetic resonance imaging of, 200, 200 

massage of, in basic life support, 434-435 

muscle of. See Myocardium. 

necropsy of, 845-849 

nuclear imaging of. See Radionuclide angi- 
ocardiography. 

opening of, at necropsy, 846, 846, 849 

outer fibroserous membrane of. See Peri- 
cardium. 

output of. See Cardiac output. 

overload on, response to, 209-210 
during fetal period, 9-10 
during postnatal period, 10 


Heart (Continued) 
in form of myocardial hypertrophy, 
208, 757-758, 818 
physiology of, 25-36. See also Heart, elec- 
trophysiology of. 
septation of, 4-6, 6 
shape and size of, on radiography, 110- 
117. See also Cardiomegaly. 
surgery of. See Surgery. 
tamponade of, 689-690 
echocardiographic findings associated 
with, 164 
in dog, 165 
pathophysiology of, 689, 689-690, 690 
pericardial effusion and. See Effusion, 
pericardial. 
pericardiocentesis for, 694-695 
tumors of, 120, 168, 679, 698-699, 836 
and pericardial effusion, 686, 695 
in cat, 657, 657, 688, 698-699 
echocardiographic findings associ- 
ated with, 694 
prevalence of, 467 
in dog, 610, 686, 687, 688, 698 
computed tomographic appearance 
of, 199 
echocardiographic findings associ- 
ated with, 166, 693, 694 
prevalence of, 466 
radiographic findings associated 
with, 692 
surgery for, 880 
ultrasonography of. See Echocardiography. 
valve(s) of, 19, 20-21. See also specific 
valves, e.g., Mitral valve. 
acquired disease of, 536-559. See also 
Endocardiosis. 
in cat, 462, 463 
in dog, 463(t), 463-464 
blood flow in or across, Doppler-de- 
rived velocity of, in cat, 154(t) 
in dog, 154(t) 
regurgitant, quantification of, via 
Doppler echocardiography, 154 


sites of. See Aortic regurgitation; Mi- 


tral regurgitation; etc. 
congenital disease of, in cat, 462, 463 
in dog, 459(t)-461(t), 460, 461, 462, 
463, 463(t) 
development of, 6, 6 
defective, 6 
dysplasia of, 158 
echocardiographic findings associ- 
ated with, 158 
in dog, 158 
sites of. See site-specific sub-entries 
under Dysplasia. 
stenosis of, 158-159 
echocardiographic findings associ- 
ated with, 159-160 
in cat, 136 
in dog, 136, 159, 159, 160, 160 
sites of. See Aortic stenosis; Mitral ste- 
nosis; Pulmonic stenosis; Tricuspid 
stenosis. 
vegetations on, in IE, 567-568, 569. 
See also Infectious endocarditis. 
echocardiographic appearance of, 
164, 573, 574 
in dog, 164 


ventricles of. See Left ventricle; Right ventri- 


cle; Ventricle(s) of heart. 

weight of, in relation to body weight, 847 
in cat, 847(t) 
in cat with cardiomyopathy, 847 (t) 
in dog, 847(t) 
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Heart (Continued) 


work overload on. See Heart, overload on. 
worms in. See Heartworm disease. 


Heart block. See specific types, e.g., 


Atrioventricular block. 


Heart disease(s). See also specific 


conditions. 
acquired, 536-559, 828-839. See also En- 
docardiosis. 
arrhythmias accompanying, in cat, 
387-388 


prevalence of, in cat, 462, 463 
in dog, 463-465 
aids to diagnosis of. See Cardiovascular dis- 
ease, diagnosis of. 
arrhythmias associated with. See Arrhyth- 
mia(s). 
canine breed predisposition to, 459(t)- 
461(t), 460-463, 463(t), 582(t), 582- 
583 
congenital. See Congenital heart disease 
and specific lesions. 
drugs for. See Cardiovascular drugs. 
feline breed predisposition to, 462, 463 
infectious. See Infectious endocarditis; Infec- 
tious myocarditis. 
lung diseases combined with, 126, 759- 
762 
lung diseases differentiated from, 43(t) 
lung field in, radiographic, 121-125 
neoplastic. See Heart, tumors of. 
neurogenic, 772 
nutritional factors in, 739-752 
v parasitic, See Heartworm disease. 
pathology of, 817-839 
prevalence of, 457-467 
in cat, 458, 458(t), 462-463, 465 
in dog, 457-467, 459(t) 
signs of, 42-64, 43(1), 47(1) 
interpretation of, 42 
surgery for. See Surgery. 
thyrotoxic, in cat, 782-789, 830. Sec also 
Hyperthyroidism, in cat. 
arrhythmias associated with, 388 
changes in presentation of, in recent 
decades, 785 
electrocardiographic findings associ- 
ated with, 83, 90, 90, 782-783, 
783, 783(t) 
radiographic evidence of, 783, 784 
valvular. See under Heart, valve(s) of and 
see also specific conditions. 


Heart failure, 205-245 


abdominal ultrasonographic findings asso- 
ciated with, 153 
in dog, 153 
anemia and, 790 
aortic regurgitation and, treatment of, 
228 
aortic stenosis and, treatment of, 228 
arrhythmias associated with, in cat with 
cardiomyopathy, 387, 387(t) 
in dog, 224, 371 
treatment of, 224-225 
biochemical derangements and, 205-206, 
206 
cachexia secondary to, 47, 48, 744-745 
causes of, 887-888 
classification of, 216-217, 225 
by International Small Animal Cardiac 
Health Council, 885 
treatment in relation to, 226 
definitions of, 205, 884 
diagnostic criteria for, 887 
dilated cardiomyopathy and. See “heart 
failure” sub-entries under Dilated car- 
diomyopathy. 
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Heart failure (Continued) 
dirofilariasis and, in dog, 897-898 
drugs for, 223-224, 229-245. See also spe- 
cific agents and pharamaceutical 
classes. 
endocardiosis and, 888-892. See also 
Heart failure, mitral regurgitation and. 
excessive left ventricular moderator 
bands and, in cat, 832 
functional derangements and, 206, 207 
heartworm disease and, in dog, 897-898 
hepatic congestion accompanying, 822 
high-output, 781. See also Cardiac output, 
high. 
hypertension and, treatment of, 228 
hyperthyroidism and, 782, 786. See also 
Heart disease(s), thyrotoxic. 
hypertrophic cardiomyopathy and, in cat, 
258, 628, 900 
treatment of, 225, 637, 638, 641, 901 
idiopathic, in cat, 631(t), 645-652. See 
also “in cat” sub-sub-entries under 
Dilated cardiomyopathy, 
infectious endocarditis and, 576 
International Small Animal Cardiac 
Health Council approach to, 883- 
901 
left-sided, vs. right-sided heart failure, 
222-223 
low-output, 225 
low-sodium diet in management of, 237, 
551, 740-741 
International Small Animal Cardiac 
Health Council recommendations 
regarding, 905(t) 
management of. See Heart failure, treat- 
ment of. 
mechanical derangements and, 206, 206 
mitral regurgitation and, 544 
treatment of, 225—227, 551-553 
myocardial pathology in, 209, 818-819, 
neonatal, endocardial fibroelastosis and, 
827 
neurohormonal response to, 214, 758 
oxygen therapy for, 223 
in cat with dilated cardiomyopathy, 650 
in cat with hypertrophic cardiomyopa- 
thy, 637-638 
pacemaker-related, 422-423 
patent ductus arteriosus and, treatment 
of, 228 
pathology of, 817-822 
pathophysiology of, 205-214 
pericardial disease and, management of, 
218 
pharmacotherapy for, 223-224, 229-245, 
485(t). See also specific drug classes 
and agents. 
in-hospital, 260(t) 
pulmonic stenosis and, treatment of, 228 
radiographic findings associated with, 
107 
in cat, 258 
in dog, 256, 257 
refractory, 228 
renal consequences of, 211-214, 212 
restrictive cardiomyopathy and, in cat, 
treatment of, 225 
right-sided, vs. left-sided heart failure, 
222-223 
shock and, 286 
sodium-restricted diet in management of, 
237, 551 
subaortic stenosis and, treatment of, 228 
syncope associated with, 451 
systemic effects of, 213 


Heart failure (Continued) 


tachycardia and, in dog, 587 
treatment of, 216-245 
drugs used in, 223-224, 229-245, See 
also specific agents and pharma- 
ceutical classes. 
functional classification and, 226 
goals of, 217(t) 
in-hospital, 260(t) 
International Small Animal Cardiac 
Health Council recommendations 
on, 905(t) 
low-sodium diet in, 237, 551, 740-741 
oxygen supplementation in. See Heart 
failure, oxygen therapy for. 
timing of, 226 


Heart murmurs, 56, 58-62. See also Heart 


sound(s). 
aortic regurgitation and, in dog, 61 
aortic stenosis and, in dog, 60, 60-61 
atrial septal defect and, 61 
continuous, 62 
diastolic, 61-62 
dilated cardiomyopathy and, in dog, 589 
endocardiosis and, in dog, 540, 541, 544— 

545 

in dog with heart failure, 544, 545 

hypertrophic cardiomyopathy and, in cat, 
628, 630, 630 

in dog, 604 
infectious endocarditis and, 572-573 
innocent, 58-59 
mitral regurgitation and, 59-60 

in dog, 59, 60 
mitral stenosis and, in dog, 61, 62 
patent ductus arteriosus and, 62 

in dog, 62 
physiologic, 58-59 
pulmonic regurgitation and, 559 

in dog, 62 
pulmonic stenosis and, 61 
systolic, 58-6] 
tricuspid regurgitation and, 60, 557 
ventricular septal defect and, 61 


Heart rate, 27 


blood pressure in relation to, 28, 28 

calculation of, from electrocardiogram, 
74 

duration of diastole and systole corre- 
lated with, 33 

effects of heart failure on, 214 

impulses affecting, 27, 28 

monitoring of, in CPCR, 439 


Heart sound(s), 53-58. See also Heart 


murmurs. 
Ist, 54 
split, 54 
2nd, 54-55 
split, 55, 55, 55(t) 
3rd, 55-56 
abnormal, in dog with dilated cardio- 
myopathy, 56 
4th, 56 
classification of, 53-54 
diastolic, early, 55 
ejection, 54 
gallop rhythm, 56-57 
monitoring of, in CPCR, 439 
systolic click, 54 
variations in, with arrhythmias, 57-58 


Heartworm disease, 702-721, 727-734 


adulticide therapy for, in cat, 733 
in dog, 710-713 
ancillary drugs used in, 713-714 
thromboembolism due to, 719 
antibiotic prophylaxis against, in cat, 734 


Heartworm disease (Continued) 
in dog, 721 
canine, 702-721 
caval syndrome associated with, in dog, 
718-719 
surgery for, 879 
classification of, in dog, 707, 707(t) 
clinical aspects of, in cat, 728-729, 729(t) 
in dog, 706-707, 709 
cor pulmonale associated with, in dog, 
715 
diagnosis of, in cat, 729(t), 729-730 
in dog, 707-708 
diethylcarbamazine for, in dog, 720-721 
differential diagnosis of, in cat, 732 
echocardiographic findings associated 
with, 167 
in cat, 731, 733 
in dog, 710, 711 
eosinophilia as sequela of, in dog, 716 
treatment of, 714, 716, 718 
epizootiology of, in dog, 702 
feline, 727-734 
granulomatosis secondary to, in dog, 
716-718 
heart failure associated with, in dog, 
897-898 
index of cardiac effort in presence of, 
760 
ivermectin for, in cat, 734, 913(t) 
in dog, 719-720, 721, 913(t) 
melarsomine dihydrochloride for, in dog, 
711-712, 714, 913(t) 
microfilaricidal therapy for, in dog, 719- 
720 
milbemycin oxime for, in cat, 734, 914(t) 
in dog, 721, 914(t) 
moxidectin for, in dog, 721 
occult, in dog, 705-706 
pathogenesis of, in dog, 703-706 
pathology of, 835 
in cat, 729 
in dog, 703-705, 703-705, 709 
pathophysiology of, in cat, 728 
prophylaxis against, in cat, 734 
in dog, 720-721 
radiographic findings associated with, in 
cat, 123, 731, 731 
in dog, 117, 123, 125, 709-710, 710, 
717, 717-718 
surgery for, in dog, 714, 879 
thiacetarsamide for, in cat, 733 
in dog, 712, 713, 905(t), 917(t) 
Heat stroke, cardiac manifestations of, 773 
Hemangiosarcoma, right atrial, 880 
echocardiographic findings associated 
with, 166, 168, 694 
in dog, 166, 687, 694, 880 
surgery for, 880 
Hematocysts, in tricuspid valve, prevalence 
of, in dog, 463-464 
Hematologic diseases, cardiac 
manifestations of, 772—773 
Hemodynamic monitoring, 181-184 
in CPCR, 441 
in management of shock, 266(t), 266- 
269, 280-282, 281, 281(t) 
results of, prognostic significance of, 
267, 268, 268 
intraoperative, 863, 867 
output measurements in, 183-186, 185 
pressure measurements in, 181-183, 182, 
183 
results of, 207(t), 282(t) 
acceptable to optimal range of, 282(t) 
myocardial compensation indicated by, 
207 (t) 


Hemodynamic monitoring (Continued) 
prognostic significance of, in shock, 
267, 268, 268 
tricuspid regurgitation indicated by, 
557 
Hemoglobin saturation, monitoring of, in 
CPCR, 440 
Hemorrhage, gastrointestinal, shock and, 
286 
secondary to warfarin therapy, in cat, 
665, 665 
Heparin, adverse effects of, 912(t) 
for disseminated intravascular coagulopa- 
thy, 287 
for thromboembolism, 912(t) 
in cat, 664, 912(t) 
in dog, 912(t) 
as element of therapy for heartworm 
disease, 713, 715 
recommended dosages of, for cat, 912(t) 
for dog, 912(t) 
Hepatic clearance and extraction, of drugs, 
312 
Hepatic congestion, heart failure and, 822 
Hepatic diseases, cardiac manifestations of, 
772 
Hepatocellular failure, cardiac 
manifestations of, 772 
Hepatomegaly, radiographic appearance of, 
7 


Hernia, diaphragmatic, pericardial/ 
peritoneopericardial, 526, 
682-684, 683 

abnormalities accompanying, 835 
age distribution of, in cats, 683 
in dogs, 683 
cysts associated with, 684 
radiographic findings associated 
with, 118, 526, 683-684 
in dog, 684 
Hetastarch, 277, 2'78(t) 
in management of shock, 277-278 
High-output heart failure, 781. See also 
Cardiac output, high. 
High-permeability pulmonary edema, 
253-254 
History, in diagnosis of cardiovascular 
disease, 41-45, 42(t) 
Holter monitoring, 102, 102. See also 
Electrocardiography. 
for arrhythmias and syncope, 448, 449 
for canine arrhythmias, 331-332. See also 
Dog(s), electrocardiography in. 
Hydralazine, adverse effects of, 912(t) 
for heart failure, 224, 485(t), 912(t) 
in dog with mitral regurgitation, 552 
for hypertension, 912(t) 
for mitral regurgitation and heart failure, 
in dog, 552 
for pulmonary edema, 260, 260(t) 
in dog with mitral regurgitation, 261 
for shock, 283, 283(t) 
recommended dosages of, for cat, 912(t) 
for dog, 904(t), 912(t) 
Hydrochlorothiazide, adverse effects of, 
912(t) 
for edema, 912(t) 
for heart failure, 235(t), 237, 485(t) 
in cat with hypertrophic cardiomyopa- 
thy, 641 
for hypertension, 805(t), 912(t) 
for pulmonary edema, 912(t) 
recommended dosages of, for cat, 912(t) 
for dog, 903(t), 912(t) 
Hydrocodone, adverse effects of, 912(t) 
cough-suppressant dosages of, 904(t), 
912(t) 


Hydrocodone (Continued) 
for tussive syncope, in dog, 453 
Hydroxyethyl starch, 277, 2'78(t) 
in management of shock, 277-278 
Hyperadrenocorticism (Cushing’s 
syndrome), 764-765 
Hyperaldosteronism (Conn’s disease), 765 
electrocardiographic findings in, 765, 
765 
Hypercalcemia, 768-769 
electrocardiographic characteristics of, 
768, 768 
Hypercoagulability, secondary to shock, 287 
Hyperechoic tissue, 132. See also 
Echocardiography. 
Hypereosinophilic syndrome, in cat, 643 
Hyperglobulinemia, cardiac manifestations 
of, 772-773 
Hyperkalemia, 769 
arrhythmias associated with, in cat, 388 
electrocardiographic findings associated 
with, 89-90, 768, 769 
in dog, 89 
persistent atrial standstill accompanying, 
in dog, 89 
reperfusion syndrome and, in cat with is- 
chemic limb, 666 
Hyperkinetic conditions, and high cardiac 
output, 781 
Hypermagnesemia, 770 
Hypermetabolic conditions, and high 
cardiac output, 781 
Hyperplasia, myocardial, during normal 
fetal and early neonatal growth, 9 
Hypersensitivity, carotid sinus, and syncope, 
452 
Hypersomatotropism (acromegaly), 766 
in cat, 656 
cardiovascular abnormalities associated 
with, 656 
Hypertension, 795-809 
diagnostic workup for, 467-468, 800(t) 
end-organ disease due to, 468, 801-802 
signs of, 802(t), Plate 2 
heart failure associated with, treatment 
of, 228 
in cat, 468, 656-657, 797 
pharmacotherapy for, 805(t) 
in dog, 468, 797 
pharmacotherapy for, 805(t) 
left ventricular hypertrophy secondary to, 
830 
pathogenesis of, 800-801 
pulmonary, patent ductus arteriosus and. 
See Ductus arteriosus, patent, “re- 
versed.” 
treatment of, 804-808 
diet in, 745, 805-806 
drug therapy in, 805, 805(t), 806-808 
emergency measures in, 808 
omega-3 fatty acids in, 745 
Hyperthyroidism, in cat, 781-789 
antithyroid drugs for, 786-787, 913(t) 
arrhythmias associated with, 90, 90, 
388 
cardiac manifestations of. See Heart dis- 
ease(s), thyrotoxic, in cat. 
occult, 784-785 
radioactive iodine therapy for, 789 
recurrent, after thyroidectomy, 789 
scintigraphic findings in, 785, 785 
surgery for, 787, 788. See also Thyroidec- 
tomy. 
complications of, 787-789 
systemic signs of, 782, 782 
methimazole for, in cat, 913(t) 
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Hypertonic saline, in fluid therapy for 
shock, 277 
Hypertrophic cardiomyopathy, 601-606, 
624-641 
angiocardiographic findings associated 
with, in cat, 630, 633, 662 
arrhythmias associated with, in cat, 387, 
387(t), 626, 630, 631(t), 635-636 
breed predisposition to, among cats, 623, 
624-625 
cardiomegaly associated with, in cat, 714, 
115, 258, 630, 631 
in dog, 594, 605 
clinical manifestations of, in cat, 628, 630 
diastolic dysfunction associated with, in 
man, 625 
differential diagnosis of, in cat, 634 
echocardiographic findings associated 
with, 163 
in cat, 626, 627, 629, 633, 633-634 
in dog, 605, 606 
electrocardiographic findings associated 
with, in cat, 630, 631 (t) 
in dog, 605 
etiopathogenesis of, in cat, 625 
in dog, 603 
in man, 625 
genetic/familial basis for, in cat, 625, 637 
in man, 625 
heart failure accompanying, in cat, 258, 
628, 900 
treatment of, 225, 637, 638, 641, 901 
heart sounds and murmurs associated 
m with, in cat, 628, 630, 630 
in dog, 604 
in cat, 624-641 
in dog, 601-606 
left ventricular outflow tract obstruction 
associated with, 604 
in cat, 626, 626, 627 
treatment of, 639 
in dog, treatment of, 606 
limb contracture secondary to, in cat, 
663 
limb paralysis accompanying, in cat, 628, 
660 
mid-left ventricular gradient accompa- 
nying, in cat, 627 
mitral regurgitation accompanying, in 
cat, 627, 627 
myocardial infarction accompanying, in 
cat, 635, 837, 838 
myocardial ischemia accompanying, in 
cat, 625-626 
natural history of, in cat, 634 
pathology of, 829. See also [ypertrophy, 
myocardial. 
in cat, 628, 629, 631, 634, 819, 820, 
829, Plate 11 
in dog, 602, 603, 829 
pathophysiology of, in cat, 625-628 
in dog, 603-604 
phonocardiographic findings associated 
with, in cat, 630 
physical findings associated with, in cat, 
628, 630 
in dog, 604 
prevalence of, among cats, 623, 624-625 
prognosis associated with, in cat, 634 
pulmonary edema accompanying, in cat, 
258, 628, 630, 632 
treatment of, 261, 637-638 
radiographic findings associated with, in 
cat, 114, 115, 258, 630, 631, 632 
in dog, 604, 605 
right ventricular outflow tract obstruction 
associated with, in cat, 628 
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Hypertrophic cardiomyopathy (Continued) 
spontaneous echocardiographic contrast 
(“smoke”) associated with, in cat, 
633 
syncope associated with, 451 
in cat, 636 
systolic dysfunction accompanying, 628 
tachyarrhythmias accompanying. See Hy- 
pertrophic cardiomyopathy, arrhythmias 
associated with. 
therapy for, 218 
in cat, 635-641 
in dog, 606 
thromboembolism associated with, in cat, 
658. See also Thromboembolism. 
Hypertrophic osteopathy, infectious 
endocarditis and, 570 
Hypertrophy, myocardial. See also 
Hypertrophic cardiomyopathy; 
Hypertrophy, ventricular. 
concentric, pressure overload and, 208, 
758, 818 
eccentric, volume overload and, 208, 
757, 818 
normal postnatal growth and, 9 
ventricular, 116. See also Hypertrophy, myo- 
cardial. 
in dog with pulmonic stenosis, 482 
secondary to hypertension, 830 
secondary to thyrotoxicosis, 830 
without dilation. See Hypertrophic cardio- 
myopathy. 
Hyperviscosity syndromes, cardiac 
manifestations of, 772-773 
Hypoadrenocorticism (Addison's disease), 
763-764 
Hypocalcemia, 769 
electrocardiographic characteristics of, 
768, 769, 784 
in thyroidectomized cat, 788-789 
electrocardiographic evidence of, 784 
Hypocchoic tissue, 132. See also 
Echocardiography. 
Hypokalemia, 769-770 
electrocardiographic findings associated 
with, 768, 769 
potassium chloride for, 915(t) 
potassium gluconate for, 915(t) 
Hypomagnesemia, 743-744, 770 
Hyponatremia, 740 
Hypoparathyroidism, following 
thyroidectomy, 788, 789 
Hypotension, cardiovascular drug-induced, 
in dog, 351, 351 
syncope due to, 446 
Hypothermia, cardiac manifestations of, 
773-774 
Hypothyroidism, 762-763 
following thyroidectomy, 789 
Hypovolemic shock, 273, 273(t). See also 
Shock. 
Hypoxemic shock, 273, 273(t). See also 
Shock. 


Ibutilide, for atrial fibrillation, 354 

Idiopathic endomyocardial scarring, 
echocardiographic findings associated 
with, 163 

Idiopathic myocardial failure, in cat, 
631(t), 645-652. See also “in cat” sub- 
sub-entries under Dilated cardiomyopathy. 

Idiopathic pericardial effusion, 685 

treatment of, 695 
IE. See Infectious endocarditis. 


Imaging planes, for echocardiography, 133, 
141-143, 141-144 
Imipenemn, for endocarditis, 576, 577(t) 
Immersion fixation, of heart, 848 
Immune-mediated disorders, and dilated 
cardiomyopathy, in dog, 587 
in man, 587 
cardiac manifestations of, 775-776 
secondary to infectious endocarditis, 570 
Immunodeficiency syndromes, cardiac 
manifestations of, 776 
Immunodiagnostic testing, for heartworm 
disease, in cat, 730 
in dog, 707-708, 715-716 
Impedance, acoustic, 131 
Implantation, of pacemaker, 414(t), 
414-415, 415, 416(t)-419(t) 
Impulse conduction, abnormalities of, and 
arrhythmias, 299-303 
intraventricular, in cat, 398 
Impulse initiation, enhanced, in ectopic 
foci, and arrhythmias, 296, 296-299 
Indicator dilution, in identification of 
shunts, 786, 186-187 
in measurement of cardiac output, 184- 
186, 185 
Infarction, embolization and, as sequelae of 
infectious endocarditis, 570, 571 
myocardial, 837-839 
electrocardiographic findings associ- 
ated with, 88-89, 89 
in cat with hypertrophic cardiomyopa- 
thy, 635, 837, 838 
in dog, 610 
pathology of, 837-839, 838 
thallium scan indicating, 199 
renal, in cat with thromboembolism, 66/ 
Infection, disorders due to. See Infectious 
entries and Septic shock. 
pacemaker, 423 
vector of, for Dirofilaria immitis, 702. See 
also Heartworm disease. 
Infectious endocarditis, 567-578. See also 
Infectious myocarditis. 
advancing age as risk factor for, in dog, 
568 
antibiotics for, 576, 577 (t) 
prophylactic use of, 577-578 
diagnosis of, 571-575 
criteria for, 572 (t) 
echocardiographic findings associated 
with, 163, 573-575, 574 
in dog, 164 
epidemiology of, 567-568 
organisms commonly associated with, 
576(t) 
pathogenesis of, 568-570 
pathology of, 567-568, 569 
in dog, 569 
prevalence of, in cat, 567 
in dog, 464, 567, 568 
prevention of, 577-578 
sequelae of, 570-571, 571, 573 
therapy for, 576-577, 577(t) 
valvular lesions in, 569, 570 
vegetative, 163, 567-568, 569 
echocardiographic appearance of, 
164, 573, 574 
in dog, 164 
Infectious myocarditis, 832-833. See also 
Infectious endocarditis. 
in cat, 833 
in dog, 465, 610-612, 832, 833 
Infectious pericardial effusion, 685 
treatment of, 695 
Infectious pericarditis, 835 


Infectious peritonitis, feline, pericardial 
lesions accompanying, 688 

Infiltrative cardiomyopathy, 698. See also 
Heart, tumors of. 

in cat, 657, 657, 688, 694 
in dog, 610 
Inflammatory response, systemic, syndrome 
of, 274, 274(t), 275(t) 
treatment of, 276(t) 

Inflow occlusion and pulmonary 
arteriotomy, for pulmonic stenosis, 
870-871, 871 

Inhalant anesthetic agents, 862 

Inotropic drugs, positive. See also specific 

agents, e.g., Digitalis preparations, 
Dobutamine; Dopamine. 
for heart failure, 224, 229(t), 229-235, 
260(t) 
in cat with dilated cardiomyopathy, 
650 
in dog with dilated cardiomyopathy, 
596 
for pulmonary edema, 260. See also 
Positive inotropic drugs, for heart fail- 
ure. 
for shock, 270, 282-283, 283(t) 
for surgical patient, 856 
recommended dosages of, for cat, 
904(t) 
for dog, 904(t) 
Insulin, 767 
insufficient secretion of, 767-768 
Interatrial septum, 17 
defect in. See Atrial septal defect. 
formation of, 5, 6 

Intercept angle, and Doppler-derived blood 
flow velocity, 136-137 

International Small Animal Cardiac Health 
Council, 883 

approach of, to heart failure, 883-901 
cardiovascular drug dosages recom- 
mended by, 903(t)-917(t) 

Interventional cardiac catheterization, 
866-867 

for patent ductus arteriosus, 190 
in dog, 511, 512 
for pulmonic stenosis, 190 

Interventricular septum, 15, 20 

defect in. See Ventricular septal defect. 
formation of, 4-5, 6 

Intestine, embolization to, in infectious 
endocarditis, 571 

Intracardiac drug injection, in CPCR, 436 

Intracavitary electrocardiography, 103, 103 

Intralingual drug injection, in CPCR, 
436-437 

Intraosseous drug delivery, in CPCR, 436 

Intrapericardial cysts, 684-685, 685, 686 

Intrapericardial pressure-volume 
relationships, 680 

in dog, 680 
in dog with constrictive pericarditis, 680 
in dog with pericardial effusion, 680 

Intravascular coagulopathy, disseminated, 
shock and, 287 

Intravenous drug injection, in CPCR, 435 

Intraventricular conduction defects, 84-86 

in cat, 398 

Intubation, in basic life support, 429 

Iodine, radioactive, for hyperthyroidism, 
789 

Irish setter. See also Dog(s). 

radiography in, VSD-related findings on, 
503 
Irish wolfhound. See also Dog(s). 
dilated cardiomyopathy in, 582(t), 583 


Irish wolfhound (Continued) 

M-mode echocardiography in, normal 
findings on, 145(t) 

Ischemia, myocardial, in cat with 
hypertrophic cardiomyopathy, 
625-626 

in dog, 610 
thallium scan indicating, 199 
Isoflurane, as anesthetic agent, 862 
Isoproterenol, for atrioventricular block, in 
cat, 396 
for cardiovascular drug-induced hypoten- 
sion, in dog, 351 
indications for, 913(t) 
recommended dosages of, for cat, 904(t), 
912(t) 
for dog, 904(t), 912(t) 
Isosorbide dinitrate, adverse effects of, 
913(t) 
for heart failure, 224, 237(t), 240, 913(t) 
in dog with mitral regurgitation, 552 
recommended dosages of, for cat, 913(t) 
for dog, 913(t) 

Isosorbide mononitrate, for heart failure, 

237(t), 240 
in dog with mitral regurgitation, 552 

Ivermectin, for heartworm disease, in cat, 

734, 913(t) 
in dog, 719-720, 721, 913(t) 


Jackson technique, of surgery for patent 
ductus arteriosus, 877, 877 
Jelly, cardiac, 4 
Jugular vein(s), distention of, significance 
of, 47, 48, 49, 50 
examination of, 49 
pulse pattern in, 49, 49, 50 
pacemaker implantation via, 416(t)- 
418(t) 
right-sided cardiac catheterization via, 
177, 178. See also Cardiac catheteriza- 
tion. 
Junctional arrhythmias, 97 
in dog, 97, 346-347 


Ketamine, as preanesthetic agent, 858(1), 
859(t), 860 
Kidney(s), disease of, cardiomyopathy 
associated with, 770 
infectious endocarditis and, 570, 571 
pericarditis associated with, 770 
effects of heart failure on, 211—214, 212 
effects of hypertension on, 802, 802(t) 
effects of shock on, 286 
embolization to, in infectious endocardi- 
tis, 971 
failure of, as complication of thyroidec- 
tomy, 789 
shock and, 286 
infarction of, in cat with thromboembo- 
lism, 661 
King Charles spaniel. See also Dog(s). 
endocardiosis in, 554 
heart murmur accompanying, 540, 541 
intensity of, and severity of associ- 
ated heart failure, 544, 545 
neurohormonal response associated 
with, 543 
prognosis associated with, 553 
Kussmaul’s sign, constrictive pericarditis 
and, 696 


Labrador retriever. See also Dog(s). 


Labrador retriever (Continued) 
bypass tract-mediated macro-re-entrant 
tachycardia in, 347, 355 
dilated cardiomyopathy in, 582(t), 583 
Ladder diagrams, in electrocardiography, 
100, 700, 101 
Laminar blood flow, 137 
Laplace’s law, 32, 207-208 
Lateral resolution, in ultrasonography, 131 
Lateral thoracotomy, 868, 869 
emergency, in basic life support, 434-435 
Leads, electrocardiographic, 68, 68(t), 69, 
70, 75, 76 
pacemaker, 409, 410 
problems with, 415, 417, 419, 420, 421 
Left atrioventricular orifice, 17 
Left atrioventricular valve. See Mitral valve. 
Left atrium, 15, 17 
blood stasis in, and risk of thrombosis, in 
cat, 659 
and spontaneous echocardiographic 
contrast (“smoke”), 167, 636 
enlargement of. See also Cardiomegaly. 
electrocardiographic findings associ- 
ated with, 78, 78 
radiographic appearance of, 113-116 
opening of, at necropsy, 846 
rupture of, endocardiosis and, 554-555, 
555 
Left coronary artery, 21 
Left cranial vena cava, persistent, 529 
in dog, 529 
Left lung, 15 
Left ventricle, 15, 20 
enlargement of. See also Cardiomegaly; 
Left ventricle, hypertrophy of. 
electrocardiographic findings associ- 
ated with, 79-80, 80 
radiographic appearance of, 113 
excessive moderator bands of, in cat, 
465, 655-656, 656, 827 
and heart failure, 832 
function of, radionuclide angiocardiogra- 
phy in evaluation of, 197 (t) 
hypertrophy of. See also Myocardial hyper- 
trophy. 
secondary to hypertension, 830 
secondary to thyrotoxicosis, 830 
without dilation. See Hypertrophic cardio- 
myopathy. 
opening of, at necropsy, 846 
outflow tract obstruction in, 822-823 
hypertrophic cardiomyopathy and, 604 
in cat, 626, 626, 627 
in dog, treatment of, 606 
relaxation of. See Myocardial relaxation. 
wall stress-volume loop for, 219 
effects of myocardial failure on, 220 
Left-sided cardiac catheterization, 177, 178, 
179-180. See also Cardiac catheterization. 
Left-sided heart failure. See also Heart 
failure. 
vs. right-sided heart failure, 222-223 
Left-to-right shunt, 824-825 
as problem in surgical patient, 856-857 
indicator dilution identifying, 186 
patent ductus arteriosus and, 507-508, 
824 
echocardiographic findings associated 
with, 154-155, 507 
in dog, 156, 510 
treatment of, in dog, 511, 512 
radionuclide angiocardiography in evalua- 
tion of, 194, 194-195, 195 
ventricular septal defect and, echocardio- 
graphic findings associated with, in 
dog, 504 
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Lhasa apso. See also Dog(s). 

M-mode echocardiography in, endocar- 
diosis on, 162 
Lidocaine, 317-318, 362-363 
adverse effects of, 315(t), 318, 362, 
913(t) 
drugs interacting with, effects of, 326(t) 
electrocardiographic parameters affected 
by, 311(t), 318 
emergency use of, 431(t), 437 
for arrhythmias, 317, 913(t) 
in cat, 315(t), 398 
in cat with dilated cardiomyopathy, 650 
in dog, 315(t), 362-363 
in dog with dilated cardiomyopathy, 
597 
for cardiopulmonary arrest, 431(t), 437 
for DCM and arrhythmias, in cat, 650 
in dog, 597 
for ventricular tachycardia, in cat, 398 
mechanism of action of, 362, 364 
recommended dosages of, for cat, 913(t) 
for dog, 904(t), 913(t) 
Life support. See also Cardiopulmonary 
cerebral resuscitation. 
advanced, 435-437, 436 
basic, 429, 431-435, 432 
Ligamentum arteriosum, 21 
Limb contracture, HCM-related 
thromboembolism and, in cat, 663 
Limb paralysis, amputation in management 
of, in cat, 665, 666 
dilated cardiomyopathy and, in cat, 647 
hypertrophic cardiomyopathy and, in cat, 
628, 660 
reperfusion following, complicated by 
hyperkalemia, in cat, 666 
thromboembolism and, in cat, 44, 660, 
660 

Liquor pericardii (pericardial fluid), 
accumulation of excess of. See Pericardial 

effusion. 

Lisinopril, adverse effects of, 913(t) 
for HCM and myocardial infarction, in 

cat, 635 
for heart failure, 237(t), 242, 913(t) 
for hypertension, 805(t), 913(t) 
for myocardial infarction, in cat with hy- 
pertrophic cardiomyopathy, 635 
recommended dosages of, for cat, 913(t) 
for dog, 913(t) 

Liver, congestion of, heart failure and, 822 
diseases of, cardiac manifestations of, 772 
drug clearance and extraction by, 312 
enlarged, radiographic appearance of, 

127 
Loop diuretics. See also specific agents, 
e.g., Furosemide. 
for heart failure, 235(t), 236 

Low-output heart failure, 225 

Low-sodium diet, for cat, 741 (t) 
for dog, 741 (t) 
in management of heart failure, 237, 

551, 740-741 
International Small Animal Cardiac 
Health Council recommendations 
regarding, 905(t) 
in management of hypertension, 745 
Lung(s), 15. See also Lung disease(s) and 
Pulmonary entries. 
alveolar-capillary structure of, 251, 252 
effects of injury to, 253-254. See also 
Pulmonary edema. 
disorders of. See Lung disease(s). 
edema of. See Pulmonary edema. 
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Lung(s) (Continued) 
effects of shock on, 286-287 
eosinophilic infiltration of, in dog with 
heartworm disease, 716 
treatment of, 714, 716, 718 
left, 15 
right, 15 
Lung disease(s). See also Pulmonary entries. 
canine breed predisposition to, 43(t) 
cardiac diseases combined with, 126, 
759-762 
cardiac diseases differentiated from, 
43(t) 
dirofilariasis and, in dog, 716-718 
treatment of, 714, 716, 718 
obstructive, chronic, 761 
signs of, 43(t) 
thromboembolic, 761—762 
prevalence of, in dog, 467 
vascular, prevalence of, in dog, 467 
Lung field, in radiography, 121-125 
Lung sounds, pulmonary edema and, 256 
Lupus erythematosus, systemic, cardiac 
manifestations of, 775-776 
Lyme disease, in dog, 612 
and myocarditis, 612 
Lymph, 21 
Lymph nodes, 21, 22 
Lymphadenopathy, appearance of, on 
radiography, 120, 121 
Lymphatics, pulmonary, 252 
Lymphomatoid granulomatosis, in dog with 
heartworm disease, 718 
Lymphosarcoma, in cat, 836 
and infiltrative cardiomyopathy, 657, 
688, 694 
in dog, and infiltrative cardiomyopathy, 
610 


` 


Macrolide antibiotics, in management of 
shock, 285 
in prophylaxis against heartworm disease, 
in cat, 734 
in dog, 721 
Macro-re-entrant tachycardia, bypass 
tract-mediated, in dog, 347, 355 
Magnesium, dietary, as provided in 
commercial dog foods, 742(t)-743(t) 
diminished serum levels of, 743—744, 770 
elevated serum levels of, 770 
Magnetic resonance imaging (MRI), of 
heart, 200, 200 
Malnutrition, cardiac manifestations of, 777 
Mannitol, for renal failure associated with 
shock, 286 
Massage, cardiac, in basic life support, 
434-435 
carotid sinus, 450 
in differentiation of tachyarrhythmias, 
in dog, 335-336, 339 
in provocative testing for syncope, 450 
Mean electrical axis, in 
electrocardiography, 74, 76 
Median sternotomy, 867 
Mediastinum, 14 
radiography of, 120-121 
Medical history, in diagnosis of 
cardiovascular disease, 41-45, 42 (t) 
Melarsomine dihydrochloride, for . 
heartworm disease, in dog, 711-712, 
714, 913(t) 
Mesothelial cells, reactive, in pericardial 
effusion, 836 
Mesothelioma, pericardial, 695 


Mesothelioma (Continued) 
in dog, 686, 688 
Metabolic shock, 273(t), 273-274. See also 
Shock. 
Metastatic infection, as complication of 
endocarditis, 570 
Methimazole, for hyperthyroidism, 786-787 
Methoxyflurane, as anesthetic agent, 862 
Metoprolol, adverse effects of, 913(t) 
for arrhythmias, 913(t) 
in dog, 315(t) 
in dog with dilated cardiomyopathy, 
598 
for heart failure, 243-244 
for hypertension, 913(t) 
for vasovagal syncope, 452 
recommended dosages of, for cat, 913(t) 
for dog, 913(t) 
Metronidazole, for endocarditis, 577 (t) 
Mexiletine, 319 
adverse effects of, 315(t), 319, 914(t) 
electrocardiographic parameters affected 
by, 311(t) 
for arrhythmias, 319, 914(t) 
in dog, 315(t), 365-366 
for ventricular tachycardia, in dog, 365- 
366 
recommended dosages of, for dog, 
904(t), 914(t) 
Microfilariae testing, in cat, 728, 730 
in dog, 708 
Microfilaricidal therapy, in dog, 719-720 
Mid-left ventricular gradient, in cat with 
hypertrophic cardiomyopathy, 627 
Milbemycin oxime, for heartworm disease, 
in cat, 734, 914(t) 
in dog, 721, 914(t) 
Milrinone, for heart failure, 224, 229(t), 
234-235 
Miniature poodle. See also Poodle; Dog(s). 
cardiac tumor in, echocardiographic find- 
ings associated with, 166 
M-mode echocardiography in, normal 
findings on, 145(t) 
Miniature schnauzer. See also Dog(s). 
sick sinus syndrome and tachycardia in, 
355 
sinoatrial block in, 87 
Mitral regurgitation, 220-222, 536-555 
echocardiographic findings associated 
with, 161, 546-550 
in cat with hypertrophic cardiomyopa- 
thy, 627 
in dog, 137, 161, Plate 10 
electrocardiographic findings associated 
with, 545 
endocardiosis and, 161, 536-555. See 
also Endocardiosis. 
heart failure associated with, 544 
treatment of, 225-227, 551-553 
heart murmur accompanying, 59-60 
in dog, 59, 60 
hypertrophic cardiomyopathy and, in cat, 
627, 627 
magnetic resonance imaging of, in dog, 
200 
pathophysiology of, 540-543 
pulmonary edema accompanying. See 
also Mitral regurgitation, heart failure 
associated with. 
management of, 223-224 
in dog, 261 
radionuclide angiocardiographic findings 
associated with, in dog, 198 
surgery for, 877-878 
treatment of, 550-553 


Mitral stenosis, 823 
echocardiographic findings associated 
with, in cat, 136 
heart murmur accompanying, in dog, 61, 
62 
pathology of, 823 
in cat, 823 
in dog, 823 
Mitral valve, 20, 537 
blood flow in or across, Doppler-derived 
velocity of, in cat, 154(t), 624 
in cat with cardiovascular abnormali- 
ties, 624 
in dog, 154(t) 
regurgitant. See Mitral regurgitation. 
dysplasia of, 523-524, 525, 526 
angiocardiographic findings associated 
with, 524 
in dog, 189, 525 
canine breed predisposition to, 462 
electrocardiographic findings associ- 
ated with, 523 
in dog, 524 
prevalence of, in dog, 459(t), 462 
radiographic findings associated with, 
523 
in dog, 523 
stenosis of. See Mitral stenosis. 
M-mode echocardiography, 132. See also 
Echocardiography. 
advantages of, 132 
aortic stenosis on, in dog, 491, Plate 4 
chronic acquired valvular disease (endo- 
cardiosis) on, in dog, 162 
color, Plate 4 
dilated cardiomyopathy on, in dog, 593 
dirofilariasis-related changes on, in dog, 
711 
disadvantages of, 132 
endocardiosis on, in dog, 162 
evidence of endocarditis on, 574, 574 
heartworm-related changes on, in dog, 
711 
hypertrophic cardiomyopathy on, in cat, 
626, 627 
in dog, 606 
imaging planes for, 133, 142 
normal findings on, in cat, 146(t) 
in dog, 133, 145(t) 
pericardial effusion on, in dog, 167, 691 
pleural effusion on, in cat, 168 
subaortic stenosis on, in dog, 491, Plate 4 
valvular disease on, chronic acquired, in 
dog, 162 
Mobitz-type atrioventricular block, 82-83 
in cat, 83, 395, 395 
Moderator bands, excessive, in left ventricle 
of cat, 465, 655-656, 656, 827 
as cause of heart failure, 832 
Morphine, adverse effects of, 914(t) 
as analgesic, for cat with ischemic limb, 
666 
as anxiolytic, for dog with pulmonary 
edema, 260, 260(t) 
for pulmonary edema, 914(t) 
recommended dosages of, for cat, 905(t), 
914(t) 
for dog, 905(t), 914(t) 
Mosquito, as host to Dirofilaria immitis, 702. 
See also Heartworm disease. 
Mouth-to-mouth ventilation, in basic life 
support, 431 
Mouth-to-nose ventilation, in basic life 
support, 431 
Moxalactam, for endocarditis, 577(t) 
Moxidectin, for heartworm disease, in dog, 
721 


MRI (magnetic resonance imaging), of 
heart, 200, 200 
Mucosal sloughing, from gastrointestinal 
tract, secondary to shock, 286 
Mucous membranes, changes in color of, 
significance of, 44-45, 47-49, Plate 1 
monitoring of color of, in CPCR, 439 
Multiple organ dysfunction syndrome, 
274(t), 274-275, 275(t), 571. See also 
Septic shock. 
treatment of, 276(t) 
Murmurs. See Heart murmurs. 
Muscular dystrophy, in dog, 606-607, 832 
myocardial lesions associated with, 607, 
607 
Mycotic myocarditis, in dog, 612 
Myocardial cell death, in heart failure, 
818-819 
Myocardial compliance, 30, 31, 217, 
217-218 
Myocardial contractility, 29. See also 
Myocardium, force of contraction of. 
Myocardial depressant factor, 771 
Myocardial diseases. See Cardiomyopathy 
(cardiomyopathies). 
Myocardial exhaustion, in response to 
volume overload, 209 
Myocardial failure. See Heart failure. 
Myocardial fibrosis, aortic stenosis and, 
487-488 
echocardiographic findings associated 
with, 488, 489 
heart failure and, 819, 821 
Myocardial form, of RCM, in cat, 641, 642, 
642. See also Restrictive cardiomyopathy. 
Myocardial hyperfunction, in response to 
volume overload, 209 
Myocardial hyperplasia, during normal fetal 
and early neonatal growth, 9 
Myocardial hypertrophy. See also 
Hypertrophic cardiomyopathy; Hypertrophy, 
ventricular. 
concentric, pressure overload and, 208, 
758, 818 
eccentric, volume overload and, 208, 757, 
818 
normal postnatal growth and, 9 
Myocardial infarction, 837-839 
electrocardiographic findings associated 
with, 88-89, 89 
in cat with hypertrophic cardiomyopathy, 
635, 837, 838 
in dog, 610 
pathology of, 837-839, 838 
thallium scan indicating, 199 
Myocardial injury, from volume overload, 
209 
Myocardial ischemia, in cat with 
hypertrophic cardiomyopathy, 625-626 
in dog, 610 
thallium scan indicating, 199 
Myocardial oxygen consumption, 33, 34 
Myocardial perfusion, evaluation of, based 
on uptake of radioisotopes, 199 
Myocardial relaxation, 217 
abnormal, electrocardiographic findings 
associated with, 624, 624 
Myocardial stiffness, 30, 30, 32 
Myocarditis, 832-833. See also Endocarditis. 
in cat, 657, 657, 820, 832, 833 
in dog, 465, 610-612, 611, 832, 833 
Myocardium, 15. See also Myocardial entries 
and Myocarditis. 
apoptosis of, heart failure and, 818-819 
cardiac jelly separating endocardium 
from, 4 


Myocardium (Continued) 
compensatory capacity of, 207 (t) 
compliance of, 30, 31, 217, 217-218 
contractility of, 29. See also Myocardium, 
force of contraction of. 
diseases of. See Cardiomyopathy (cardiomyop- 
athies). 
exhaustion of, in response to volume 
overload, 209 
failure of. See Heart failure. 
fibrosis of, aortic stenosis and, 487-488 
echocardiographic findings associ- 
ated with, 488, 489 
heart failure and, 819, 821 
force of contraction of, 28-29 
dependency of, on preload, 29-30 
growth of, during normal fetal and early 
neonatal development, 9 
during normal postnatal development, 


hyperfunction of, in response to volume 
overload, 209 
hyperplasia of, during normal fetal and 
early neonatal growth, 9 
hypertrophy of. See Myocardial hypertro- 
hy, 
ieaion of. See Myocardial infarction. 
infection/inflammation of. See Myocardi- 
tis. 
injury to, from volume overload, 209 
ischemia of, in cat with hypertrophic car- 
diomyopathy, 625-626 
in dog, 610 
thallium scan indicating, 199 
necrosis of, 818 
in cat, Plate 11 
oxygen content of, 33, 33 
perfusion of, evaluation of, based on up- 
take of radioisotopes, 199 
relaxation of, 217 
abnormal, electrocardiographic find- 
ings associated with, 624, 624 
sarcomere function in, 29, 29 
stiffness of, 30, 30, 32 
ultrastructure of, 70, 10-11, 11 
Myopathy. See also Cardiomyopathy 
(cardiomyopathies). 
atrioventricular, 81, 836-837 
in cat, 392, 658, 836 
electrocardiographic characteristics 
of, 81, 81 
in dog, 403, 466, 607-608, 608, 836, 
837 
electrocardiographic characteristics 
of, 81 
hyperkalemia and, 89 
Myxomatous degeneration, of 
atrioventricular valves. See 
Endocardiosis. 


Nadolol, adverse effects of, 914(t) 
for arrhythmias, 914(t) 
in dog, 315(t) 
for heart failure, 244 
for hypertension, 914(t) 
recommended dosages of, for cat, 914(t) 
for dog, 914(t) 
Nafcillin, for endocarditis, 577(t) 
Narcotics, as preanesthetic agents, 858(t), 
859(t), 860-861 
cough-suppressant, 904(t), 909(t), 912(t) 
Near field, in ultrasonography, 131 
Near-syncope, 446. See also Syncope. 
Neck and head, examination of, 47-50 
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Necropsy, of heart and great vessels, 
845-849 
Necrosis, 818(t) 
myocardial, 818 
in cat, Plate 12 
Neospora caninum, infection by, 611-612 
Nervous system, central, diseases of, cardiac 
manifestations of, 772 
syncope due to, 447, 452-453 
Neurocardiogenic syncope, 452 
Neurogenic heart disease, 772 
Neurogenic syncope, 447, 452-453 
Neurohormonal responses, in 
endocardiosis, 542, 543 
in heart failure, 214, 758 
Neurologic impairment, as sign of 
cardiovascular disease, 45 
Neuromuscular blocking drugs, for surgical 
patient, 862-863 
Newborn, cardiac work overload in, effect 


of, 10 
circulation in, transition from fetal blood 
flow to, 8-9 


myocardial cell growth in, 9 
ventricular growth in, 9, 9 
Newfoundland. See also Dog(s). 
dilated cardiomyopathy in, 583 
electrocardiographic findings associ- 
ated with, 590(t) 
Nitrates. See also specific agents, e.g., 
Nitroglycerin; Nitroprusside. 
for heart failure, 223-224, 237(t), 239- 
240 
in dog with mitral regurgitation, 552 
Nitroglycerin, adverse effects of, 914(t) 
for heart failure, 224, 237(t), 239-240, 
914(t) 
in cat with dilated cardiomyopathy, 650 
in cat with hypertrophic cardiomyopa- 
thy, 637 
in dog with mitral regurgitation, 552 
for pulmonary edema, 260, 260(t). See 
also Nitroglycerin, for heart failure. 
recommended dosages of, for cat, 904(t), 
914(t) 
for dog, 904(t), 914(t) 
Nitroprusside, adverse effects of, 914(t) 
for heart failure, 223-224, 237 (t) 
in dog with dilated cardiomyopathy, 
596 
for pulmonary edema, 260, 260(t), 
914(t). See also Nitroprusside, for heart 
failure. 
in dog with dilated cardiomyopathy, 
261 
in dog with mitral regurgitation, 261 
for shock, 283, 283(t) 
recommended dosages of, for cat, 914(t) 
for dog, 904(t), 914(t) 
Nitrous oxide, as anesthetic agent, 862 
Nonbacterial thrombotic endocarditis, 568 
Noncardiogenic pulmonary edema, 254, 
259. See also Pulmonary edema. 
treatment of, 262 
Nonrestrictive ventricular septal defects, 
157 
Nonselective angiocardiography, 187. See 
also Angiocardiography. 
Norepinephrine, for shock, 283, 283(t) 
Norfloxacin, for endocarditis, 577(t) 
Nuclear cardiology. See Radionuclide 
angiocardiography, 
Nutritional deficiencies, cardiac 
manifestations of, 777 
Nutritional support, in management of 
shock, 287 
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Nyquist limit, and Doppler-derived blood 
flow velocity, 139-140 


Obesity, cardiac manifestations of, 776 
Object resolution, in ultrasonography, 131 
Obstructive pulmonary disease, chronic, 
761 
Obstructive shock, 273, 273(t). See also 
Shock. 
Occult hyperthyroidism, 784-785 
Ocular lesions, hypertension and, 802, 
802(t), Plate 2 
results of examination for, in diagnosis of 
cardiovascular disease, 45, 49, Plate 
2 
Omega-3 fatty acids, effects of, on blood 
pressure, 745 
Open-chest cardiac massage, in basic life 
support, 434-435 
Open-heart surgery, for aortic stenosis, 873 
inadvisability of, in treatment of pul- 
monic stenosis, 872 
Organ dysfunction, multiple, syndrome of, 
274(t), 274-275, 275(t) 
treatment of, 276(t) 
Orthopnea, 46 
Orton modification, of patch-graft surgery, 
for pulmonic stenosis, 872 
Osteopathy, hypertrophic, infectious 
endocarditis and, 570 
Ostium primum-type atrial septal defect, 
495, 825 
echocardiographic findings associated 
with, in dog, 496, Plate 8 
gross morphology of, 825 
in cat, 495 
Ostium secundum-type atrial septal defect, 
157, 495, 825 
echocardiographic findings associated 
with, in dog, 134 ` 
gross morphology of, 825 
in cat, 495 
Overload, on heart, response to, 209-210 
during fetal period, 9-10 
during postnatal period, 10 
in form of myocardial hypertrophy, 
208, 757-758, 818 
Oximetry, 183-184 
in CPCR, 440 
in monitoring of anesthetized patient, 
864 
Oxygen, consumption of, in shock, 268, 
269, 282 
and oxygen debt, 269 
myocardial, 33, 34 
delivery of, in shock, 268, 269, 282 
monitoring of partial pressure of, in 
CPCR, 441 
monitoring of transport of, in CPCR, 440 
in management of shock, 267 
Oxygen therapy, and basic life support, in 
CPCR, 431-432 
for heart failure, 223 
in cat with dilated cardiomyopathy, 650 
in cat with hypertrophic cardiomyopa- 
thy, 637-638 
for pulmonary edema, 258-259. See also 
Oxygen therapy, for heart failure. 
Oxyglobin, as red blood cell substitute, 280 
Oxymorphone, recommended dosages of, 
for cat, 905(t) Q 
Oxyradicals, toxic, complicating shock, 287 


P wave, 72, 74 


P wave (Continued) 


and QRS complex, in supraventricular vs. 
ventricular tachyarrhythmias, in dog, 
333-334, 336, 337, 338 


Pacemaker, 400-424 


bipolar, 409, 410 
coding of, 406, 407 
complications associated with, 412, 414, 
415, 417, 419-424 
in dog, 413, 419-422, 424 
electrocardiographic findings associated 
with, in dog, 404, 407, 408, 411, 413, 
419-422, 424 
electrophysiologic characteristics of, 403— 
406, 404 
endocardial, implantation of, 414-415, 
416(t)-418(t) 
epicardial, implantation of, 415, 419(t) 
external, 408 
implantation of, 414(t) 
hemodynamic characteristics of, 411-414, 
412 
implantation of, 414(t), 414-415, 415, 
416(t)-419(t) 
indications for, 400, 402-403 
leads for, 409, 410 
problems with, 415, 417, 419, 420, 421 
permanent, 408-409 
programming of, 411 
problems with, 419 
rheobase and chronaxy in, 404, 405 
right atrial, implantation of, 418(t) 
strength-duration curve for, 404, 404-405 
temporary, 408 
implantation of, 414(t) 
unipolar, 409, 410 
ventricular, implantation of, 416(t)— 
417(t), 419(t) 
Pacemaker syndrome, 423 
Palpation, of neck, 50 
Pancreas, inflammatory disease of, cardiac 
manifestations of, 770-771 
insulin secretion by, 767 
insufficient, 767-768 
Pancreatitis, cardiac manifestations of, 
770-771 
Papillary muscles, 19 
Paralysis, limb, amputation in management 
of, in cat, 665, 666 
dilated cardiomyopathy and, in cat, 


hypertrophic cardiomyopathy and, in 
cat, 628, 660 
reperfusion following, complicated by 
hyperkalemia, in cat, 666 
thromboembolism and, in cat, 44, 660, 
660 
Parasitic infestation. See Heartworm disease. 
Parasympathetic effects, of antiarrhythmics, 
309(t) 
Parasystole, 101-102, 303 
Parathyroid glands, inadvertent resection 
of, during thyroidectomy, 788 
Paresis. See Paralysis. 
Parietal pericardium, 679, 680. See also 
Pericardial entries. 
Partial pressure, carbon dioxide, 
monitoring of, in CPCR, 441 
oxygen, monitoring of, in CPCR, 441 
Patch-graft technique, of surgery for 
pulmonic stenosis, 871, 871-872 
Patent ductus arteriosus, 505-512 
angiocardiographic findings associated 
with, 508-509 
in cat, 189 ~ 
in dog, 508 


Patent ductus arteriosus (Continued) 
canine breed predisposition to, 460, 
460(t) 
coil occlusion of, 190 
in dog, 511, 5/2 
echocardiographic evidence of, 154-155, 
507 
in dog, 156, 510 
electrocardiographic findings associated 
with, 507 
in dog, 510 
heart murmurs accompanying, 62 
in dog, 62 
interventional cardiac catheterization for, 
190 
in dog, 511, 5/2 
left-to-right shunt accompanying, 507~ 
508, 824 
echocardiographic findings associated 
with, 154-155, 507 
in dog, 156, 510 
treatment of, in dog, 511, 5/2 
pathology of, 824 
in dog, 824 
prevalence of, in dog, 459(t), 459-460 
pulmonary hypertension accompanying. 
See Patent ductus arteriosus, “reversed,” 
“reversed,” 509-512 
echocardiographic findings associated 
with, 155, 510 
right-to-left shunt accompanying, 509- 
512, 824 
echocardiographic findings associated 
with, 155, 510 
treatment of, 190, 876, 876-877, 877 
in dog, 511, 512 
complications of, 511, 512 
in dog with heart failure, 228 
recanalization following, 877 
volume overload associated with, 209- 
210, 210 
Patent ductus venosus, 529 
PDA. See Patent ductus arteriosus. 
PDE (phosphodiesterase) III inhibitors, for 
heart failure, 224, 229(t), 234-235 
Pembroke Welsh corgi. See also Dog(s). 
M-mode echocardiography in, normal 
findings on, 145(t) 
Penicillins, for endocarditis, 577(t) 
for shock, 284(t), 284-285 
Percutaneous approach, to right-sided 
cardiac catheterization, 174-175. See 
also Cardiac catheterization. 
Percutaneous transtracheal oxygen 
insufflation, in basic life support, 429 
Perfusion fixation, of heart, 848-849 
Perfusion indices, monitoring of, in CPCR, 
439, 440 
in management of shock, 267 
myocardial, based on uptake of radioiso- 
topes, 199 
Pericardial cavity, 14, 679 
Pericardial effusion, 690-696 
acute, 691 
cardiac tamponade in relation to. See 
Tamponade, cardiac. 
chronic, 691 
clinical manifestations of, 690-691 
cytologic evaluation of, 695 
echocardiographic findings associated 
with, 164, 167, 693 
in dog, 165, 167, 691, 693 
effect of, on pericardial pressure-volume 
relationships, in dog, 680 
electrical alternans accompanying, 90, 
691-692 


Pericardial effusion (Continued) 

in dog, 90, 691 
electrocardiographic findings associated 
with, 90, 691-692 
in dog, 90, 691 
etiology of, in cat, 686 
in dog, 685-686 
idiopathic, 685 
treatment of, 695 
infectious, 685 
treatment of, 695 
in surgical patient, 857 
pathology of, 835 
pericardiocentesis for, 694-695 
physical findings associated with, 691 
prevalence of, in cat, 466 
in dog, 466 
radiographic findings associated with, 
692-693 
in dog, 118, 118 
reactive mesothelial cells in, 836 
surgery for, 695 
tumors causing, 686, 695 

Pericardial fluid (liquor pericardii), 

679-680 
accumulation of excess of. See Pericardial 
effusion. 

Pericardial /peritoneopericardial 
diaphragmatic hernia, 526, 682-684, 
683 

abnormalities accompanying, 835 
age distribution of, in cats, 683 
in dogs, 683 
cysts associated with, 684 
radiographic findings associated with, 
118, 526, 683-684 
in dog, 684 
Pericardiectomy, 879-880 
Pericardiocentesis, 867 
for pericardial effusion or cardiac tam- 
ponade, 694-695 
Pericarditis, 835-836 
constrictive, 696-698 
in dog, 696-698 
hemodynamic effects of, 680, 696, 
697, 698 
infectious, 835 
uremic, 770 
Pericardium, 14, 679-681. See also 
Pericardial entries and Pericarditis. 
absence of, 681 
acquired diseases of, 685-696 
anatomy of, 679-680 
congenital diseases of, 681-685, 835. See 
also specific types, e.g., Pericardial/per- 
itoneopericardial diaphragmatic hernia. 
constrictive thickening of. See Pericarditis, 
constrictive. 
cysts in, 684-685, 685, 686 
disease of, 681-698. See also Pericardial 
entries. 
management of, 218 
surgery in, 879-880 
pathology of, 835-836 
function of, 680-681 
innervation of, 680 
mesothelioma of, 695 
in dog, 686, 688 
parietal, 679, 680 
perforations in, congenital, 681, 681-682 
pressure-volume relationships in, 680 
in dog, 680 
in dog with constrictive pericarditis, 
680 
in dog with pericardial effusion, 680 
vascular supply of, 680 


Pericardium (Continued) 
visceral, 679, 680 
Peripheral arterial catheterization, in 
CPCR, 441 
in left-sided cardiac catheterization, 177, 
178, 179-180. See also Cardiac cathe- 
terization. 
Peripheral cyanosis, 49 
Peripheral edema, causes of, 44, 47 
Peripheral perfusion, monitoring of, in 
CPCR, 439 
Peritoneopericardial diaphragmatic hernia. 
See Pericardial/peritoneopericardial 
diaphragmatic hernia. 
Peritonitis, infectious, feline, pericardial 
lesions accompanying, 688 
Permanent pacemaker, 408-409. See also 
Pacemaker. 
Persistent atrial standstill (atrioventricular 
myopathy), 81, 836-837 
in cat, 392, 658, 836 
electrocardiographic characteristics of, 
81, 81 
in dog, 403, 466, 607-608, 608, 836, 837 
electrocardiographic characteristics of, 
81 
hyperkalemia and, 89 
Persistent left cranial vena cava, 529 
in dog, 529 
Persistent right aortic arch, 528 
in cat, 528 
in dog, breed predisposition to, 462 
prevalence of, 459(t), 462 
surgery for, 878 
Pharmacotherapy. See Drug(s). 
Phenothiazines, as preanesthetic agents, 
859(t), 859-860 
Phenylephrine, adverse effects of, 914(t) 
for arrhythmias, 914(t) 
for shock, 283, 283(t) 
for supraventricular tachycardia, in dog, 
349 
recommended dosages of, for dog, 
914(t) 
Phenytoin, adverse effects of, 315(t), 915(t) 
electrocardiographic parameters affected 
by, 311(t) 
for arrhythmias, 915(t) 
in dog, 315(t) 
interaction of chloramphenicol with, ef- 
fects of, 326(t) 
recommended dosages of, for dog, 
904(t), 915(t) 
Pheochromocytoma, 765-766 
Phonocardiography, 52, 52. See also Heart 
murmurs; Heart sound(s). 
HCM-related changes on, in cat, 630 
heart murmurs on, in dog, 59, 60, 62 
split second heart sound on, in dog, 55 
third heart sound on, in dog with dilated 
cardiomyopathy, 56 
Phosphodiesterase III inhibitors, for heart 
failure, 224, 229(t), 234-235 
Physical examination, in diagnosis of 
cardiovascular disease, 46-64 
Pinscher. See Doberman pinscher. 
Plasma, in management of shock, 279 
vs. other colloids, 278 (t) 
Pleura(e), 14 
Pleural cavities, 14 
Pleural effusion, 126 
echocardiographic findings associated 
with, 167 
in cat, 165, 168 
in dog, 165, 693 
in surgical patient, 857 
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Pleural effusion (Continued) 
radiographic findings associated with, 
126 
in cat with dilated cardiomyopathy, 648 

Plexogenic pulmonary arteriopathy, 
Eisenmenger’s physiology and, 826 

Pneumonitis, eosinophilic, in dog with 
heartworm disease, 716 

Pneumothorax, in surgical patient, 857 

Polyarthritis, infectious endocarditis and, 
570 

Polycythemia, cardiac manifestations of, 
772-773 

Poodle. See also Dog(s). 

echocardiography in, endocardiosis on, 
161, 162 
miniature. See Miniature poodle. 
radiography in, features of heart failure 
on, 256 
pulmonary edema on, 257 

Positioning, for radiography, 108 

Positive chronotropic drugs. See specific 
agents, ¢.g., Atropine; Glycopyrrolate; 
Isoproterenol. 

Positive inotropic drugs. See also specific 
agents, e.g., Digitalis preparations, 
Dobutamine; Dopamine. 

for heart failure, 224, 229(t), 229-235, 
260(t) 
in cat with dilated cardiomyopathy, 650 
in dog with dilated cardiomyopathy, 
596 
for pulmonary edema, 260. See also Posi- 
tive inotropic drugs, for heart failure, 
for shock, 270, 282-283, 283(t) 
for surgical patient, 856 
recommended dosages of, for cat, 904(t) 
for dog, 904(t) 

Positive pressure ventilation, in basic life 
support, 432-433 

Posterior paresis. See also Paralysis, limb. 

in cat with thromboembolism, 44 

Potassium, in commercial dog foods, 
742(t)-743(t) 

Potassium balance, disturbances of. See 
Potassium deficit; Potassium excess. 

Potassium chloride, for hypokalemia, 
915(t) 

Potassium deficit, 741-742, 769-770 

electrocardiographic characteristics of, 
768, 769 
supplements countering, 915(t) 
Potassium excess, 769 
arrhythmias associated with, in cat, 388 
electrocardiographic characteristics of, 
89-90, 768, 769 
in dog, 89 
persistent atrial standstill accompanying, 
in dog, 89 
reperfusion syndrome and, in cat with is- 
chemic limb, 666 

Potassium gluconate, for hypokalemia, 
915(t) 

Potassium-sparing diuretics. See also 
specific agents, e.g., Spironolactone. 

for heart failure, 235(t), 237 

Potts’ anastomosis, inadvisability of, in 
surgery for tetralogy of Fallot, 875 

Prazosin, 239 

adverse effects of, 915(t) 
for heart failure, 237(t), 239, 915(t) 
in man, 552 
for hypertension, 805(t), 915(t) 
recommended dosages of, for dog, 
904(t), 915(t) 

Preanesthetic drugs, 858(t), 858-861, 

859(t) 
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Prednisone. See also Steroids. 
for sequelae of heartworm disease, in 
dog, 714, 716, 718 
Pregnancy, cardiac changes occurring 
during, 777 
Preload, 24—25 
force of myocardial contraction in rela- 
tion to, 29-30 
Premature beats. See Extrasystoles. 
Pressure overload, and concentric 
myocardial hypertrophy, 208, 758, 818 
Presyncope, 446. See also Syncope. 
Procainamide, 314, 316, 363 
adverse effects of, 315(t), 316, 915(t) 
electrocardiographic parameters affected 
by, 311(t), 316 
for arrhythmias, 314, 915(t) 
in cat, 315(t), 398 
in dog, 315(t), 350, 363, 364-365 
in dog with dilated cardiomyopathy, 
598 
for supraventricular tachycardia, in dog, 
350 
for ventricular tachycardia, in cat, 398 
in dog, 363, 364-365 
recommended dosages of, for cat, 915(t) 
for dog, 904(t), 915(t) 
Programming, of pacemaker, 411 
problems with, 419 
rheobase and chronaxy in, 404, 405 
Propafenone, 319-320 
adverse effects of, 315(t), 319-320, 
915(t) 
drugs interacting with, effects of, 326(t) 
electrocardiographic parameters affected 
by, 311(t) 
for arrhythmias, 319, 915(t) 
in dog, 315(t), 350, 354 
evidence of effectiveness of, on ECG, 
351 
for atrial fibrillation, in dog, 354 
for supraventricular tachycardia, in dog, 
350 
evidence of effectiveness of, on ECG, 
350 
recommended dosages of, for dog, 
915(t) 
Propantheline, for sick sinus syndrome, 450 
for vasovagal syncope, 452 
Propofol, as anesthetic agent, 861 
Propranolol, 320-321 
adverse effects of, 315(t), 321, 915(t) 
drugs interacting with, effects of, 326(t) 
electrocardiographic parameters affected 
by, 311(t) 
in dog with atrial flutter, 353 
for arrhythmias, 320, 915(t) 
in cat, 315(t), 398 
in cat with hypertrophic cardiomyopa- 
thy, 636 
in dog, 315(t), 348, 349 
for congenital heart disease, 485(t) 
for HCM and arrhythmias, in cat, 636 
for HCM and heart failure, in cat, 637 
for HCM and left ventricular outflow 
tract obstruction, in cat, 639 
for HCM and myocardial infarction, in 
cat, 635 
for heart failure, 243 
in cat with hypertrophic cardiomyopa- 
thy, 637 
for hypertension, 805(t), 915(t) - 
for hyperthyroidism, 786, 787 
for left ventricular outflow tract obstruc- 
tion, in cat with hypertrophic cardio- 
myopathy, 639 


Propranolol (Continued) 
for myocardial infarction, in cat with hy- 
pertrophic cardiomyopathy, 635 
for supraventricular tachycardia, in dog, 
348, 349 
for ventricular tachycardia, in cat, 398 
recommended dosages of, for cat, 903(t), 
915(t) 
for dog, 903(t), 915(t) 
Propylthiouracil, for hyperthyroidism, 786 
Protozoal myocarditis, in dog, 611-612 
Pseudonormalization, echocardiographic 
findings associated with, 624, 624 
Pseudotruncus arteriosus, 5/3, 516, 520 
Psychoacoustic aspects, of auscultation, 51, 
51 
Pulmonary arteriopathy, plexogenic, 
Eisenmenger’s physiology and, 826 
Pulmonary arteriotomy, inflow occlusion 
and, for pulmonic stenosis, 870-871, 
871 
Pulmonary artery(ies), as site of 
heartworms. See Heartworm disease. 
banding of, in surgery for ventricular sep- 
tal defects, 874, 874 
catheterization of, in CPCR, 441 
Pulmonary circulation, 251-252 
Pulmonary edema, 251-262 
air bronchograms as sign of, 256, 257, 
258, 259, 261 
cardiogenic. See Heart failure. 
clinical manifestations of, 256 
diagnosis of, 256-258 
dilated cardiomyopathy and, in dog, 256 
treatment of, 261-262 
treatment of, 223-224 
diuretics for, 909(t), 912(t) 
genesis of, 210, 210-211, 252-254 
stages of, 254-256 
heart failure and. See Heart failure. 
high-permeability, 253-254 
hypertrophic cardiomyopathy and, in cat, 
258, 628, 630, 632 
treatment of, 261, 637-638 
in surgical patient, 856 
lung sounds in relation to, 256 
mitral regurgitation and, treatment of, 
223-224 
in dog, 261 
noncardiogenic, 254, 259 
treatment of, 262 
oxygen therapy in management of, 258- 
259. See also Heart failure, oxygen ther- 
apy for 
primary alveolar-capillary membrane in- 
Jury and, 253-254 
radiographic findings associated with, 
125-126, 257-258 
in cat, 258, 258, 630, 632 
in dog, 256, 257, 258, 259, 261 
ruptured chordae tendineae and, in dog, 
261 
seizure and, in dog, 259 
sodium nitroprusside for. See Nitroprus- 
side, for pulmonary edema. 
thyrotoxic heart failure and, manage- 
ment of, in cat, 786 
treatment of, 258-262, 260(t). See also 
Heart failure, treatment of. 
anxiety reduction in, 260, 260(t) 
diuretics in, 909(t), 912(t) 
morphine in, 914(t) 
sodium nitroprusside in. See Nitroprus- 
side, for pulmonary edema. 
Pulmonary fibrosis, radiographic findings 
associated with, 126 


Pulmonary hypertension, patent ductus 
arteriosus and. See Patent ductus 
arteriosus, “reversed.” 

Pulmonary hypervascularity, radiographic 
appearance of, 122-123, 124 

Pulmonary lymphatics, 252 

Pulmonary trunk, 15, 21 

enlarged radiographic appearance of, 
119, 120 
Pulmonary valve. See Pulmonic valve. 
Pulmonary veins, 15 
development of, 7 
Pulmonic regurgitation, 558-559 
and heart murmur, 559 
in dog, 62 
Pulmonic stenosis, 159, 478-485 
angiocardiographic findings associated 
with, 481-482 
in dog, 189, 484 
balloon dilation for, 190, 868 
canine breed predisposition to, 461, 
461 (t) 
echocardiographic evidence of, 159-160, 
482-483 
in dog, 136, 159-160, 160, 486, Plate 3 
electrocardiographic findings associated 
with, 481 
in dog, 482 
gross morphology/ pathology of, 823 
in cat, 823 
in dog, 478, 479, 480, 823 
heart failure accompanying, treatment 
of, 228 
heart murmur associated with, 61 
interventional cardiac catheterization for, 
190 
prevalence of, in dog, 459(t), 460-461 
radiographic findings associated with, 
481 
in dog, 482 
right ventricular hypertrophy accompa- 
nying, in dog, 482 
surgery for, 869, 869-872, 871 
Pulmonic valve, 21 
blood flow in or across, Doppler-derived 
velocity of, in cat, 154(t) 
in dog, 154(t) 
regurgitant. See Pulmonic regurgitation. 
stenosis of. See Pulmonic stenosis. 

Pulse(s), arterial, 62-64, 63 

abnormal, in infectious endocarditis, 
573 
monitoring of, in CPCR, 440 
jugular venous, 49, 49, 50 
Pulse oximetry, in CPCR, 440 
in monitoring of anesthetized patient, 
864 
Pulsed-wave Doppler echocardiography, 138 
advantages of, 138 
disadvantages of, 138 
mitral regurgitation on, in dog, 137 
patent ductus arteriosus on, in dog, 156 
pulmonic stenosis on, in dog, 486 

Pulsus alternans, 63, 63 

Pulsus bigeminus, 63, 63 

Pulsus paradoxus, 63, 63, 690 


QRS complex, 72, 74 
morphology of, in supraventricular vs. 
ventricular tachyarrhythmias, in dog, 
333, 333, 334, 335 
P wave and, in supraventricular vs. ven- 
tricular tachyarrhythmias, in dog, 
333-334, 336, 337, 338 


QT interval, 74 
abnormal, 87, 87-88 
Quinidine, 313-314 
adverse effects of, 314, 315(t), 915(t), 
916(t) 
drugs interacting with, effects of, 326(t) 
electrocardiographic parameters affected 
by, 311(t), 313 
for arrhythmias, 313, 915(t), 916(t) 
in dog, 315(t), 350 
for supraventricular tachycardia, in dog, 
350 
recommended dosages of, for dog, 
904(t), 915(t), 916(t) 


Radioactive iodine, for hyperthyroidism, 
789 
Radiography, 107-128 
abdominal structures on, 127 
aortic arch on, size of, 119-120 
aortic stenosis evidenced on, 489 
in dog, 491 
cardiac silhouette on, 108, 111(t). See 
also Radiography, cardiomegaly on. 
cardiac tumor-related changes on, 120 
in dog, 692 
cardiomegaly on, 111-117, 112 
congenital heart disease and, 474-475 
dilated cardiomyopathy and, in cat, 
648 
in dog, 256, 591, 591, 592 
endocardiosis and, 713 
hypertrophic cardiomyopathy and, in 
cat, 114, 115, 258, 630, 631 
in dog, 604, 605 
thromboembolism and, in cat, 661 
tricuspid regurgitation and, 557 
in dog, 114 
cardiomyopathic changes on, in cat, 630, 
631, 632, 644, 648, 648 
in dog, 591, 591, 592, 604, 605 
caudal vena cava on, 120 
congenital heart defects on, 127, 127(t), 
474-475 
constrictive pericarditis on, 697 
DCM-related changes on, in cat, 648, 648 
in dog, 256, 591, 591, 592 
dirofilariasis-related changes on, in cat, 
123, 731, 731 
in dog, 117, 123, 125, 709-710, 710, 
717, 717-718 
evidence of endocardiosis on, 113 
evidence of endocarditis on, 575 
features of heart failure on, 107 
in cat, 258 
in dog, 256, 257 
focal pulmonary lesions on, heart disease 
and, 126 
HCM-related changes on, in cat, 114, 
115, 258, 630, 631, 632 
in dog, 604, 605 
heart size on, 111-117. See also Radiogra- 
phy, cardiomegaly on. 
heartworm-related changes on, in cat, 
123, 731, 731 
in dog, 117, 123, 125, 709-710, 710, 
717, 717-718 
hepatomegaly on, 127 
intrapericardial cysts on, in dog, 686 
left atrial enlargement on, 113-116. See 
also Radiography, cardiomegaly on. 
left ventricular enlargement on, 113. See 
also Radiography, cardiomegaly on. 
lung field in, 121-125 


Radiography (Continued) 
lymphadenopathy on, 120, 12] 
mediastinal structures on, 120-121 
mitral valve dysplasia manifested on, in 

dog, 523 
pericardial cysts on, in dog, 686 
pericardial effusion—related changes on, 
692-693 
in dog, 118, 118 
pericardial/peritoneopericardial dia- 
phragmatic hernia on, 118, 526, 
683-684 
in dog, 684 
pleural effusion on, 126 
in cat, 648 
positioning for, 108 


prominent pulmonary trunk on, 119, 720 


pulmonary edema on, 125-126, 257-258 
in cat, 258, 258, 630, 632 
in dog, 256, 257, 258, 259, 261 
pulmonary fibrosis on, 126 
pulmonary hypervascularity on, 122-123, 
124 
RCM-related changes on, in cat, 644 


right atrial enlargement on, 116. See also 


Radiography, cardiomegaly on. 

right ventricular enlargement on, 116, 
116-117, 117. See also Radiography, 
cardiomegaly on. 

signs of pulmonic regurgitation on, 559 

signs of pulmonic stenosis on, 481 


in dog, 482 
signs of subaortic stenosis on, 489 
in dog, 491 
signs of thromboembolism on, in cat, 
644 


small heart on, 111, 711 

technical aspects of, 108 

thoracic conformation on, 109, 110 

thyrotoxicosis-related heart lesions on, in 
cat, 783, 784 

tracheal collapse on, 121, 122 

tricuspid valve dysplasia manifested on, 
525 

in dog, 114, 523 
views used in, 108, 109, 110 


vs. echocardiography, in terms of diagnos- 


tic yield, 107 
VSD-related findings on, 503 
in dog, 503 
Radionuclide angiocardiography, 194, 194 
in evaluation of shunts, 194, 194-195, 
195, 196 
in evaluation of ventricular function, 
195-199, 197, 197(t), 198 
Radionuclide imaging, of thyroid gland, in 
diagnosis of hyperthyroidism, 785, 785 
Ramipril, adverse effects of, 916(t) 
for heart failure, 916(t) 
for hypertension, 805(t), 916(t) 
recommended dosages of, for cat, 916(t) 
for dog, 916(t) 
RCM. See Restrictive cardiomyopathy. 
Reactive mesothelial cells, in pericardial 
effusion, 836 


Recanalization, following surgery for patent 


ductus arteriosus, 877 
Red blood cell(s), increase in mass of, 
cardiac manifestations of, 772-773 
substitutes for, in management of shock, 
280 
Re-entrant activation, and arrhythmias, 102, 
300-303, 301 
Re-entrant tachycardia, atrioventricular 
nodal, in dog, 345-346, 346 
bypass tract-mediated, in dog, 347 
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Re-entrant tachycardia (Continued) 
sinus nodal, in dog, 339, 341 
Reflex syncope, 452 
Regurgitant blood flow, quantified via 
Doppler echocardiography, 154 
sites of. See Aortic regurgitation; Mitral re- 
gurgitation; etc. 
Relaxation, myocardial, 217 
abnormal, echocardiographic findings 
associated with, 624, 624 
Renal pathology. See Kidney(s). 
Renin-angiotensin system, 211, 241 
Reperfusion syndrome, hyperkalemia due 
to, in cat with ischemic limb, 666 
Resistance, vascular, systemic, 32, 33 
Resolution, in ultrasonography, 131 
Respiratory disease. See Lung disease(s). 
Respiratory failure, doxapram for, 911 (t) 
shock and, 286-287 
Restrictive cardiomyopathy, 641-645 
echocardiographic findings associated 
with, 163 
in cat, 641-645 
angiocardiographic findings associated 
with, 644, 644 
arrhythmias associated with, 387(t) 
clinical manifestations of, 643 
differential diagnosis of, 644 
echocardiographic findings associated 
with, 643, 644 
electrocardiographic findings associ- 
ated with, 631(t), 643-644 
endomyocardial form of, 641, 642, 
643, 643 
etiopathogenesis of, 641-642 
heart failure accompanying, treatment 
of, 225 
myocardial form of, 641, 642, 642 
pathology of, 642, 642-643, 643, 821 
pathophysiology of, 642 
physical findings associated with, 643 
prevalence of, 623 
therapy for, 218, 645 
thromboembolism associated with, 658. 
See also Thromboembolism. 
in man, 641 
Restrictive filling pattern, 
echocardiographic findings associated 
with, 624, 624 
transition between impaired relaxation 
and, 624, 624 
Restrictive ventricular septal defects, 157 
Resuscitation. See Cardiopulmonary cerebral 
resuscitation. 
Retriever. See specific types, e.g., Golden 
retriever; Labrador retriever. 
“Reversed” patent ductus arteriosus, 
509-512 
echocardiographic findings associated 
with, 155, 510 
Reynold’s number, for blood flow, 137 
Rheobase, in programming of pacemaker, 
404, 405 
Right aortic arch, persistent, 528 
in cat, 528 
in dog, breed predisposition to, 462 
prevalence of, 459(t), 462 
surgery for, 878 
Right atrial pacemaker, implantation of, 
418(t) 
Right atrioventricular orifice, 17 
Right atrioventricular valve. See Tricuspid 
valve. 
Right atrium, 15, 16-17 
enlargement of. See also Cardiomegaly. 
electrocardiographic findings associ- 
ated with, 77-78, 78 
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Right atrium (Continued) 
radiographic appearance of, 116 
hemangiosarcoma of, 880 
echocardiographic findings associated 
with, 166, 168, 694 
in dog, 166, 687, 694, 880 
surgery for, 880 
opening of, at necropsy, 846 
Right coronary artery, 21 
Right costocervical vein, 418 
pacemaker implantation via, 415, 417(t) 
Right lung, 15 
Right ventricle, 15, 17, 19-20 
double-chambered, 480 
angiocardiographic findings associated 
with, in dog, 481 
echocardiographic findings associated 
with, in dog, 481 
double-outlet, 519 
dysplasia of, arrhythmogenic. See Right 
ventricular cardiomyopathy. 
enlargement of. See also Cardiomegaly; 
Right ventricle, hypertrophy of. 
electrocardiographic findings associ- 
ated with, 78-79, 79 
radiographic appearance of, 116, 116- 
117, 117 
function of, radionuclide angiocardiogra- 
phy in evaluation of, 197(t) 
hypertrophy of, 116. See also Myocardial 
hypertrophy. 
electrocardiographic findings associ- 
ated with, in dog with pulmonic 
stenosis, 482 
opening of, at necropsy, 846 
outflow tract obstruction in, hypertrophic 
cardiomyopathy and, in cat, 628 
Right ventricular cardiomyopathy, in cat, 
653-655, 654, 655, 831-832 
in dog, 609 
in man, 608-609 
Right-sided cardiac catheterization, 177, 
178. See also Cardiac catheterization. 
percutaneous (Seldinger) approach to, 
174-175 
Right-sided heart failure. See also Heart 
Jailure. 
vs. left-sided heart failure, 222-223 
Right-to-left shunt, 825-826 
as problem in surgical patient, 856-857 
atrial septal defect and, echocardio- 
graphic findings associated with, in 
dog, 134 
echocardiographic demonstration of, 134 
in dog, 134 
indicator dilution identifying, 186 
patent ductus arteriosus and, 509-512, 
824 
echocardiographic findings associated 
with, 155, 510 
radionuclide angiocardiography in evalua- 
tion of, 195, 196 
Rottweiler. See also Dog(s). 
hypertrophic cardiomyopathy in, pathol- 
ogy of, 603 
Rupture, of chordae tendineae, 553 
and pulmonary edema, in dog, 261 
in association with endocardiosis, 553- 
554 
of left atrium, in association with endo- 
cardiosis, 554-555, 555 


“Saddle” embolism. See Embolism, aortic, 
distal. 


Saline, hypertonic, in fluid therapy for 
shock, 277 
Salt-restricted diet. See Sodium-restricted diet. 
Saluki. See also Dog(s). 
pacemaker for, electrocardiographic find- 
ings associated with, 404 
Sarcomere, 29, 29 
Scarring, endomyocardial, idiopathic, 
echocardiographic findings associated 
with, 163 
Scattered echoes, 131 
Schnauzer, miniature. See also Dog(s). 
sick sinus syndrome and tachycardia 
in, 355 
sinoatrial block in, 81 
Scintigraphy. See Radionuclide entries. 
Scottish deerhound. See also Dog(s). 
dilated cardiomyopathy in, 583 
Second-degree atrioventricular block, 82-83 
in cat, 83, 394-395, 395, 401 
in dog, 82, 375, 401 
Second heart sound, 54-55 
split, 55, 55, 55(t) 
Sedatives, for cat, 854(t) 
for dog, 854(t) 
Seizure(s), 448 
pulmonary edema secondary to, in dog, 
259 
vs. syncope, 447-448 
Seldinger technique, of cardiac 
catheterization, 174-175. See also 
Cardiac catheterization. 
Selective angiocardiography, 187-188. See 
also Angiocardiography. 
Sepsis syndrome, 570-571 
Septation, of heart, 4-6, 6 
Septic shock, 273(t), 274-275, 571 
cardiac manifestations of, 774-775 
drug therapy for, 283(t), 284(t), 284-285 
infectious endocarditis and, 571, 577 
pathogenesis of, in man, 775 
Seroma, in pacemaker recipient, 424 
Setter. See also Dog(s). 
echocardiography in, evidence of endo- 
carditis on, 164 
occlusion of patent ductus arteriosus in, 
512 
radiography in, VSD-related findings on, 
503 
Sevoflurane, as anesthetic agent, 862 
Shadowing, acoustic, 132 
Sheepdog, English. See also Dog(s). 
dilated cardiomyopathy in, 582(t), 583 
Shih-tzu. See also Dog(s). 
radiography in, right ventricular enlarge- 
ment on, 117 
Shock, 265-287 
cardiogenic, 272-273, 273(t) 
classification of, 272-274, 273(t) 
distributive, 273, 273(t) 
hypovolemic, 273, 273(t) 
hypoxemic, 273, 273(t) 
management of, 270-271, 275-286 
drug therapy in, 270-271, 282-286, 
283 (t), 284(t) 
goals of, 269-270 
hemodynamic monitoring in, 266(t), 
266-269, 280-282, 281, 281(t) 
results of, prognostic significance of, 
267, 268, 269 
obstructive, 273, 273(t) 
organ-specific effects of, 286-287 
oxygen consumption in, 268, 269, 282 
and oxygen debt, 269 
oxygen delivery in, 268, 269, 282 
oxygen transport in, monitoring of, 267 


Shock (Continued) 
pathophysiology of, temporal aspects of, 
266 
prognostic factors in, 267, 268, 269 
septic, 273(t), 274-275, 571 
cardiac manifestations of, 774-775 
drug therapy for, 283(t), 284(t), 284- 
285 
infectious endocarditis and, 571, 577 
pathogenesis of, in man, 775 
Shunt(ing), 824-826 
atrial septal defect and, 157, 496-497 
echocardiographic findings associated 
with, in dog, 134, 135 
bidirectional, ASD and, echocardio- 
graphic findings associated with, in 
dog, 135 
indicator dilution identifying, 786, 186- 
187 
left-to-right, 824-825 
as problem in surgical patient, 856 
indicator dilution identifying, 186 
patent ductus arteriosus and, 507-508, 
824 
echocardiographic findings associ- 
ated with, 154-155, 507 
in dog, 156, 510 
treatment of, in dog, 511, 512 
radionuclide angiocardiography in eval- 
uation of, 194, 194-195, 195 
ventricular septal defect and, echocardi- 
ographic findings associated with, 
in dog, 504 
patent ductus arteriosus and, 507-512, 
824 
echocardiographic findings associated 
with, 154-155, 507, 510 
in dog, 156, 510 
treatment of, in dog, 511, 512 
radionuclide angiocardiography in evalua- 
tion of, 194, 194-195, 195, 196 
right-to-left, 825-826 
as problem in surgical patient, 856-857 
atrial septal defect and, echocardio- 
graphic findings associated with, 
in dog, 134 
echocardiographic demonstration of, 
134 
in dog, 134 
indicator dilution identifying, 186 
patent ductus arteriosus and, 509-512, 
824 
echocardiographic findings associ- 
ated with, 155, 510 
radionuclide angiocardiography in eval- 
uation of, 195, 196 
ventricular septal defect and, 157 
echocardiographic findings associated 
with, in dog, 504 
indicator dilution identifying, 186 
Siamese cat. See also Cats). 
persistent atrial standstill in, electrocar- 
diographic characteristics of, 87 
Siberian husky. See also Dog(s). 
radiography in, pulmonary edema on, 
259 
seizures in, pulmonary edema secondary 
to, 259 
Sick sinus syndrome, in dog, 93, 93, 
402-403 
breed predisposition to, 355, 466 
electrocardiographic findings associ- 
ated with, 93, 93, 401 
syncope accompanying, 450 
tachycardia associated with, 355 
Signal-averaging electrocardiography, 103 


Signalment, in hyperthyroidism, 782, 782 
Silent atria. See Persistent atrial standstill 
(atrioventricular myopathy). 
Sinoatrial block, 80, 8&1 
Sinoatrial node, 22 
Sinus arrest, 92-93 
Sinus arrhythmia, 92, 92 
Sinus bradycardia, 91 
in cat, 390 
surgical anesthetic complications and, 
92 
Sinus nodal disturbances, in cat, 390 
Sinus nodal re-entrant tachycardia, in dog, 
339, 341 
Sinus tachycardia, 91 
in cat, 390 
hyperthyroidism and, 90, 90 
in dog, 338-339 
Sinus venosus-type atrial septal defect, 157, 
495, 825 
echocardiographic findings associated 
with, in dog, 135, Plate 7 
Skin/mucous membranes, changes in color 
of, significance of, 44-45, 47-49, Plate 
l 


monitoring of color of, in CPCR, 439 
Small intestine, embolization to, in 
infectious endocarditis, 571 
“Smoke” (spontaneous echocardiographic 
contrast), 167, 636-637, 661 
hypertrophic cardiomyopathy and, in cat, 
633 


Sodium, dietary. See also Sodium-restricted 
diet. 
as provided in commercial dog foods, 
742(t)-743(t) i 
Sodium bicarbonate, use of, in CPCR, 
431 (t), 438 
in management of shock, 286 
Sodium ipodate, for hyperthyroidism, 787 
Sodium nitroprusside, adverse effects of, 
914(t) 
for heart failure, 223-224, 237(t) 
in dog with dilated cardiomyopathy, 
596 
for pulmonary edema, 260, 260(t), 
914(t). See also Sodium nitroprusside, 
for heart failure. 
in dog with dilated cardiomyopathy, 
261 
in dog with mitral regurgitation, 261 
for shock, 283, 283 (t) 
recommended dosages of, for cat, 914(t) 
for dog, 904(t), 914(t) 
Sodium-restricted diet, for cat, 741 (t) 
for dog, 741 (t) 
in management of heart failure, 237, 
551, 740-741 
International Small Animal Cardiac 
Health Council recommendations 
regarding, 905(t) 
in management of hypertension, 745, 
805-806 
Somatotropin (growth hormone), 766 
excess secretion of, 766 
in cat, 656 
cardiovascular abnormalities associ- 
ated with, 656 
Sonography, 130-132 
abdominal, signs of heart failure on, 153 
in dog, 153 
cardiac. See Echocardiography. 
transducer in, 131, 140 
esophageal placement of, 132 
Sonolucent tissue, 132. See also 
Echocardiography. 


Sotalol, 323-324 
adverse effects of, 315(t), 324, 916(t) 
on dog, 367 
drugs interacting with, effects of, 326(t) 
electrocardiographic parameters affected 
by, 311(t) 
for arrhythmias, 323-324, 916(t) 
in dog, 315(t), 350, 354, 364, 366 
in dog with dilated cardiomyopathy, 
598 
for atrial fibrillation, in dog, 354 
for DCM and arrhythmias, in dog, 598 
for supraventricular tachycardia, in dog, 
350 
for ventricular tachycardia, in dog, 364, 
366 
recommended dosages of, for cat, 916(t) 
for dog, 916(t) 
Spaniel. See specific types, e.g., Cocker 
spaniel; King Charles spaniel. 
Specular echoes, 131 
Spironolactone, 237 
adverse effects of, 916(t) 
for heart failure, 235(t), 237, 485(t), 
916(t) 
in cat with hypertrophic cardiomyopa- 
thy, 641 
for hypertension, 805 (t) 
recommended dosages of, for cat, 916(t) 
for dog, 903(t), 916(t) 
Splitting, of first heart sound, 54 
of second heart sound, 55, 55, 55(t) 
Spontaneous echocardiographic contrast 
(“smoke”), 167, 636-637, 661 
hypertrophic cardiomyopathy and, in cat, 
633 
Springer spaniel. See also Dog(s). 
atrioventricular myopathy in, pathology 
of, 837 
dilated cardiomyopathy in, 583 
echocardiography in, ventricular septal 
defect on, 502 
St. Bernard. See also Dog(s). 
dilated cardiomyopathy in, 583 
radiography in, rounded-chest conforma- 
tion on, 109 
Standstill, atrial. See Persistent atrial standstill 
(atrioventricular myopathy). 
Stenosis, valvular, 158-159 
echocardiographic findings associated 
with, 159-160 
in cat, 136 
in dog, 136, 159, 159, 160, 160 
sites of. See Aortic stenosis; Mitral steno- 
sis; Pulmonic stenosis; Tricuspid steno- 
sis. 
Sternotomy, 867 
Steroids, use of, in CPCR, 438 
in management of shock, 285 
in treating sequelae of heartworm dis- 
ease, in dog, 714, 716, 718 
Stethoscopic examination, 51. See also 
Heart murmurs; Heart sound(s). 
electronic, 51 
Stiffness, myocardial, 30, 30, 32 
Strength-duration curve, for pacemaker, 
404, 404-405 
Streptokinase, adverse effects of, 916(t) 
for thromboembolism, in cat, 664, 916(t) 
recommended dosages of, for cat, 916(t) 
ST segment, 74 
significance of changes in, 87, 87 
Subaortic stenosis, 158-159, 485-494 
angiocardiographic findings associated 
with, in dog, 189 
aortic regurgitation accompanying, 492 
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Subaortic stenosis (Continued) 
echocardiographic findings associated 
with, 492 
in dog, 490 
canine breed predisposition to, 460, 
460(t) 
echocardiographic evidence of, 159, 488, 
489, 490 
in dog, 136, 159, 159, 490, 491, 492 
electrocardiographic findings associated 
with, 490 
in dog, 489 
gross morphology of, in cat, 823 
in dog, 486-487, 488, 822-823 
heart failure accompanying, treatment 
of, 228 
heart murmur associated with, 60, 60-61 
myocardial fibrosis accompanying, 487- 
488 
echocardiographic evidence of, 488, 
489 
prevalence of, in dog, 459(t), 460 
radiographic findings associated with, 
489 
in dog, 491 
surgery for, 872-873 
Supraventricular tachyarrhythmias, 96 
in cat, 391-393 
in dog, 338-347 
differentiation of, from ventricular 
tachyarrhythmias, 332(t), 332- 
338 
P wave and QRS complex in, 333- 
334, 336, 337, 338 
QRS complex morphology in, 333, 
333, 334, 335 
unreliability of rhythm (ir)regulari- 
ties and pause length in, 334— 
335 
vagal maneuvers in, 335-336, 338, 
339, 340 
treatment of, 347-355 
adverse effects of, 351-352 
evidence of drug effectiveness in, on 
ECG, 349, 350, 351, 353 
Supraventricular tachycardia, 96 
in cat, 391, 392 
in dog, 96, 338-347. See also Supraventric- 
ular tachyarrhythmias, in dog. 
AV node-dependent, 338, 345-347 
treatment of, 354-355 
AV node-independent, 338-345 
treatment of, 348-354 
death risk associated with, 348 
F waves associated with. See Fibrillation, 
atrial, in dog; Flutter, atrial, in dog. 
Surface electrocardiogram, 71 
Surgery, 866-880 
anesthesia for. See Anesthesia. 
corrective procedures preceding, 857 
for aortic stenosis, 872-873 
for arteriovenous fistula, 790-791 
for atrial septal defect, 873 
echocardiographic findings following, 
in dog, Plate 9 
for cardiac tumors, 880 
for caval syndrome, in dog, 879 
for cor triatriatum, 878-879 
for dirofilariasis, in dog, 714, 879 
for endocardiosis, 877 
for eosinophilic granulomatosis, in dog 
with heartworm disease, 718 
for heart base chemodectoma, 880 
for heart disease, 866-880 
for heartworm disease, in dog, 714, 879 
for hyperthyroidism, complications of, 
787-789 
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Surgery (Continued) 
in cat, 787, 788. See also Thyroidectomy. 
for left-to-right-shunting patent ductus ar- 
teriosus, in dog, 511 
complications of, 511, 512 
for mitral regurgitation, 877-878 
for patent ductus arteriosus, 876, 876- 
877, 877 
in dog, 511 
complications of, 511, 512 
recanalization following, 877 
for pericardial disease, 879-880 
for pericardial effusion, 695 
for persistent right aortic arch, 878 
for pulmonic stenosis, 869, 869-872, 871 
for right atrial hemangiosarcoma, 880 
for subaortic stenosis, 872-873 
for tetralogy of Fallot, 875, 875 
for tricuspid valve lesions, inutility of, 878 
for vascular ring anomalies, 878 
for ventricular septal defects, 874, 874 
to implant pacemaker, 414(t), 414-415, 
415, 416(t)—419(t) 
Swollen abdomen, significance of, 44, 47 
Sympathetic effects, of antiarrhythmics, 
309(t) 
Sympathomimetic amines. See also 
Dobutamine; Dopamine. 
for heart failure, 224, 229(t), 233-234 
Syncope, 446-453 
altered blood constituents and, 447 
arrhythmias and, 450-451 
electrocardiographic monitoring for, 
448-449, 449 
treatment of, 450, 451 
bradyarrhythmias and, 451 
cardiogenic, 446, 450-452 
canine breed predisposition to, 451 (t) 
carotid sinus hypersensitivity and, 452 
cause(s) of, 43(t), 44, 446-447, 450-453 
determination of, clinical approach to, 
447 
differential diagnosis of, 447(t) 
drug-related, 453 
heart failure and, 451 
hypertrophic cardiomyopathy and, 451 
in cat, 636 
hypotensive, 446 
management of, 450-453 
neurocardiogenic, 452 
neurogenic, 447, 452-453 
provocative testing for, using vagal ma- 
neuvers, 449-450 
via exercise, in dog, 449 
reflex, 452 
sick sinus syndrome and, in dog, 450 
specialized testing for, in man, 450 
structural heart disease and, 451-452 
tachyarrhythmias and, 450 
tussive (“cough drop”), in dog, 453 
vasovagal, 452 
ventricular underfilling and, 451-452 
vs. seizures, 447-448 
Systemic hypertension. See Hypertension. 
Systemic inflammatory response syndrome, 
274, 274(t), 275(t) 
treatment of, 276(t) 
Systemic lupus erythematosus, cardiac 
manifestations of, 775-776 
Systemic sequelae, of infectious 
endocarditis, 570-571, 571, 573 
Systemic vascular disease, prevalence of, in 
dog, 467 
Systemic vascular resistance, 32, 33 
Systolic clicks, 54 
Systolic dysfunction, hypertrophic 
cardiomyopathy and, 628 


Systolic dysfunction (Continued) 
therapeutic approach to, 218-222 
Systolic heart murmurs, 58-61. See also 

Heart murmurs. 


T wave, 72, 74 
abnormal, 88, 88 
Tachyarrhythmia(s), 96, 98-99. See also 
Arrhythmia(s). 
hyperthyroidism and, in cat, 783(t), 786 
hypertrophic cardiomyopathy and, in cat. 
See under Arrhythmia(s), hypertrophic 
cardiomyopathy and. 
supraventricular, 96 
in cat, 391-393 
in dog, 338-347 
differentiation of, from ventricular 
tachyarrhythmias, 332(t), 
332-338 
P wave and QRS complex in, 
333-334, 336, 337, 338 
QRS complex morphology in, 
333, 333, 334, 335 
unreliability of rhythm (ir)regu- 
larities and pause length in, 
334-335 
vagal maneuvers in, 335-336, 
338, 339, 340 
treatment of, 347—355 
adverse effects of, 351-352 
evidence of drug effectiveness in, 
on ECG, 349, 350, 351, 353 
syncope associated with, in cat, 450 
in dog, 450 
ventricular, 98~99 
in cat, 98, 99, 396-398, 397 
in dog, 98, 99, 99, 355-361 
vs. supraventricular tachyarrhyth- 
mias. See Tachyarrhythmia(s), su- 
praventricular, in dog, differentia- 
tion of. 
with altered heart sounds, 57 
Tachycardia. See also Tachyarrhythmia(s). 
atrial, 96 
in cat, 391, 392 
in dog, ectopic, 341, 341-342 
treatment of, 350-351 
atrioventricular nodal re-entrant, in dog, 
345-346, 346 
bypass tract-mediated macro-re-entrant, 
in dog, 347, 355 
dilated cardiomyopathy in relation to, in 
dog, 587 
heart failure due to, in dog, 587 
junctional, 97 
in dog, 346-347 
sick sinus syndrome and, in miniature 
schnauzer, 355 
sinus, 91 
in cat, 390 
hyperthyroidism and, 90, 90 
in dog, 338-339 
sinus nodal re-entrant, in dog, 339, 341 
supraventricular, 96 
in cat, 391, 392 
in dog, 96, 338-347. See also Tachyar- 
rhythmia(s), supraventricular, in dog. 
AV node-dependent, 338, 345-347 
treatment of, 354-355 
AV node-independent, 338-345 
treatment of, 348-354 
death risk associated with, 348 
F waves associated with. See Fibrilla- 
tion, atrial, in dog; Flutter, atrial, 
in dog. 


Tachycardia (Continued) 
ventricular. See Tachyarrhythmia(s), ventric- 
ular. 
Tachypnea, 46 
Tamponade, cardiac, 689-690 
echocardiographic findings associated 
with, 164 
in dog, 165 
pathophysiology of, 689, 689-690, 690 
pericardial effusion and. See Pericardial 
effusion. 
pericardiocentesis for, 694-695 
Taurine, 748-749 
deficiency of, 748-749 
and dilated cardiomyopathy, in cat, 
645-646, 750-751 
in dog, 585-586, 751-752 
supplemental, for cardiomyopathy, in cat, 
637, 650, 751, 916(t) 
in dog, 596, 916(t) 
Temperature regulation, dysfunctional, 
cardiac manifestations of, 773-774 
Temporary atrial fibrillation, in dog, 354 
Temporary pacemaker, 408. See also 
Pacemaker. 
implantation of, 414(t) 
Tendon of Todaro, 22 
Terbutaline, adverse effects of, 916(t) 
bronchodilation with, 916(t) 
for sick sinus syndrome, 450 
recommended dosages of, for cat, 916(t) 
for dog, 916(t) 
Terrier. See also Dog(s). 
aortic stenosis in, gross morphology of, 
488 
dilated cardiomyopathy in, 582(t) 
pulmonic stenosis in, echocardiographic 
findings associated with, 486 
radiographic signs of, 482 
tracheal collapse in, radiographic appear- 
ance of, 122 
Tetralogy of Fallot, 515-518 
angiocardiographic assessment of, 517 
in cat, 514 
in dog, 189, 514 
radionuclide, 196 
canine breed predisposition to, 462 
echocardiographic findings associated 
with, 160, 517 
in dog, 516 
electrocardiographic findings associated 
with, 517 
gross morphology/pathology of, 826 
in cat, 826 
in dog, 826 
prevalence of, in dog, 459(t), 462 
surgery for, 875, 875 
Theophylline. See also Aminophylline. 
adverse effects of, 917(t) 
bronchodilation with, 917(t) 
recommended dosages of, for cat, 917(t) 
for dog, 904(t), 917(t) 
Thermoregulatory dysfunction, cardiac 
manifestations of, 773-774 
Thiacetarsamide, for heartworm disease, in 
cat, 733 
in dog, 712, 713, 905(t), 917(t) 
Thiazide diuretics. See also specific agents, 
e.g., Chlorothiazide; Hydrochlorothiazide. 
for heart failure, 235(t), 236-237 
Thiobarbiturates, as anesthetic agents, 861 
Third heart sound, 55-56 
abnormal, in dog with dilated cardiomy- 
opathy, 56 
Third-degree atrioventricular block, 83-84 
in cat, 395, 395, 401 


Third-degree atrioventricular block 
(Continued) 
as indication for pacemaker, 403 
in dog, 83, 375, 401 
as indication for pacemaker, 402 
Thoracic cavity, anatomy of, 13-14, 14, 15 
Thoracic compressions, in basic life 
support, 433-434 
factors limiting effectiveness of, 434(t) 
Thoracic conformation, on radiography, 
109, 110 
Thoracic duct, 22 
Thoracic examination, 50 
auscultation in, 50-53, 51, 53. See also 
Heart murmurs; Heart sound(s). 
Thoracic inlet, 13 
Thoracic organs, removal of, at necropsy, 
845-846 
Thoracic radiography. See Radiography. 
Thoracic surgery. See Surgery. 
Thoracic venous anomalies, 529 
Thoracotomy, 868, 869 
emergency, in basic life support, 434-435 
Three-dimensional echocardiography, 134 
Thromboembolism, 834-835 
in cat, 658-667 
aorta as site of. See Embolism, aortic. 
echocardiographic “smoke” (spontane- 
ous contrast) presaging, 633 
limb paralysis or contracture as sequela 
of, 44, 660, 660, 663 
prevention of, 666-667 
renal infarction as sequela of, 661 
therapy for, 663-666 
amputation in, 665, 666 
aspirin in, 665, 908(t) 
complications associated with, 665, 
665 
heparin in, 664, 912(t) 
results of, 664 
streptokinase in, 664, 916(t) 
tissue plasminogen activator in, 664, 
917(t) 
warfarin in, 664, 917(t) 
complications associated with, 665, 
665 
in dog, aspirin for, 908(t) 
heparin for, 912(t) 
as element of therapy for heartworm 
disease, 713, 715, 719 
prevalence of, 467 
warfarin for, 917(t) 
pulmonary, 761-762 
prevalence of, in dog, 467 
“smoke” (spontaneous echocardio- 
graphic contrast) presaging, 167, 
636, 637, 661 
in cat, 633 
Thrombogenesis, Virchow’s triad in, 658 
Thrombolytic therapy. See specific agents 
cited under Thromboembolism, in cat; 
Thromboembolism, in dog. 
Thrombotic endocarditis, nonbacterial, 568 
Through-transmission, in ultrasonography, 
132 
Thyroid gland, functioning of, abnormal, 
762-763, 781-789. See also 
Hyperthyroidism; Hypothyroidism; 
Thyrotoxic heart disease 
tests of, in diagnosis of hyperthyroid- 
ism, 784 
radionuclide imaging of, in diagnosis of 
hyperthyroidism, 785, 785 
resection of. See Thyroidectomy. 
Thyroidectomy, in cat, 787, 788 
diminished cardiomegaly following, 
784 


Thyroidectomy (Continued) 
electrocardiographic findings subse- 
quent to, 783, 784 
extracapsular technique of, 787 
modified, 787, 788 
hyperthyroidism recurring after, 789 
hypocalcemia following, 788-789 
electrocardiographic evidence of, 
784 
hypoparathyroidism as complication of, 
788, 789 
hypothyroidism due to, 789 
intracapsular technique of, 787 
renal failure as complication of, 789 
Thyrotoxic heart disease, in cat, 782-789, 
830. See also Hyperthyroidism. 
arrhythmias accompanying, 90, 90, 388 
changes in presentation of, in recent 
decades, 785 
electrocardiographic findings associ- 
ated with, 83, 90, 90, 782-783, 
783, 783(t) 
radiographic evidence of, 783, 784 

Thyrotoxicosis. See Hyperthyroidism; 
Thyrotoxic heart disease. 

Thyroxine, abnormal secretion of, 762-763, 
781-789. See also Hyperthyroidism; 
Hypothyroidism; Thyrotoxic heart disease. 

replacement therapy with, in thyroidecto- 
mized cat, 789 
Ticarcillin, for endocarditis, 577 (t) 
Tissue perfusion, monitoring of, in CPCR, 
440 
in management of shock, 267 
Tissue plasminogen activator (t-PA), 
adverse effects of, 917(t) 
for thromboembolism, in cat, 664, 917(t) 
recommended dosages of, for cat, 917(t) 
Tocainide, 318-319 
adverse effects of, 315(t), 319, 917(t) 
electrocardiographic parameters affected 
by, 311(t) 
for arrhythmias, 318, 917(t) 
in dog, 315(t) 
in dog with dilated cardiomyopathy, 
598 
recommended dosages of, for dog, 
904(t), 917(t) 

Tomography, computed, of heart, 199, 
199-200 

Tongue, drug injection in, and CPCR, 
436-437 

Toxoplasmosis, and myocarditis, in dog, 
611 

t-PA (tissue plasminogen activator), adverse 
effects of, 917(t) 

for thromboembolism, in cat, 664, 917(t) 
recommended dosages of, for cat, 917(t) 

Tracheal collapse, radiographic appearance 
of, 121, 122 

Tracheal suction, in basic life support, 433 

Tracheotomy, in basic life support, 429 

Tranquilizers, for anxious dog or cat with 
pulmonary edema, 260, 260(t) 

Transcatheter occlusion, of patent ductus 

arteriosus, 190 
in dog, 511, 512 

Transducer, in ultrasonography, 131, 140 
esophageal placement of, 132 

Transesophageal echocardiography, 132, 
134 

Transfusion, in anemic animal with heart 
failure, 790 

in management of shock, 279-280 

Transient heart sounds. See Heart sounds. 
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Trans-septal approach, to left-sided cardiac 
catheterization, 180. See also Cardiac 
catheterization. 

Transtelephonic electrocardiography, 102 

Transtracheal catheter ventilation, in basic 
life support, 429, 431 

Transtracheal drug delivery, in advanced 
life support, 435-436 

Transtracheal oxygen insufflation, in basic 
life support, 429 

Transvenous implantation, of pacemaker, 
416(t)-418(t) 

Triamterene, adverse effects of, 917(t) 

for heart failure, 235(t), 237, 917(t) 
recommended dosages of, for cat, 917(t) 
for dog, 917(t) 
Triangle of Koch, 22 
Tricuspid regurgitation, 227-228, 555-558 
cardiomegaly accompanying, 114, 557 
heart murmur associated with, 60, 557 
Tricuspid stenosis, 823 
Tricuspid valve, 20, 556 
blood flow in or across, Doppler-derived 
velocity of, in cat, 154(t) 
in dog, 154(t) 
regurgitant. See Tricuspid regurgitation. 
dysplasia of, 158, 524-526 
angiocardiographic findings associated 
with, 525 
canine breed predisposition to, 461- 
462 
echocardiographic findings associated 
with, 158 
in dog, 158 
electrocardiographic findings associ- 
ated with, 525 
in dog, 524 
prevalence of, in dog, 459(t), 461-462 
radiographic findings associated with, 
525 
in dog, 114, 523 
hematocysts in, prevalence of, in dog, 
463-464 
stenosis of, 823 
surgery of, inutility of, 878 
Truncus arteriosus, 519 
lesion mimicking, 513, 516, 520 
Trypanosomiasis (Chagas’ disease), and 
myocarditis, 833 
in dog, 611, 611, 833 
in dog, 611 
and myocarditis, 611, 611, 833 
Tumor(s), aldosterone-secreting, 765 
cardiac, 120, 679, 698-699, 836 
and pericardial effusion, 686, 695 
in cat, 657, 657, 688, 698-699, 836 
echocardiographic findings associ- 
ated with, 694 
prevalence of, 467 
in dog, 610, 686, 687, 688, 698 
echocardiographic findings associ- 
ated with, 166, 693, 694 
prevalence of, 466 
radiographic findings associated 
with, 692 
surgery for, 880 
catecholamine-secreting, 765-766 
chemotherapy for, cardiotoxicity of, in 
cat, 657 
in dog, 609 

Turbulent blood flow, 137 

Tussive syncope (“cough drop” syncope), 
in dog, 453 

Twenty-four hour ambulatory monitoring 
(Holter monitoring), 102, 102. See 
also Electrocardiography. 
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Twenty-four hour ambulatory monitoring 
(Holter monitoring) (Continued) 
for arrhythmias and syncope, 448, 449 
for canine arrhythmias, 331-332. See also 
Dog(s), electrocardiography in. 
Two-dimensional echocardiography, 132. 
See also Echocardiography. 
advantages of, 132 
aortic stenosis on, 489 
in dog, 159, 159, 492 
cardiac tamponade on, in dog, 165 
cardiac tumor on, in cat, 694 
in dog, 694 
cardiomyopathy on, 162, 163 
chronic acquired valvular disease on. See 
Two-dimensional echocardiography, endo- 
cardiosis on. 
cor triatriatum on, in dog, 527 
dilated cardiomyopathy on, 162 
in dog, 593 
dirofilariasis-related changes on, in cat, 
733 
in dog, 711 
disadvantages of, 132 
Duchenne’s cardiomyopathy on, in dog, 
607 
endocardiosis on, 161 
in dog, 161 
mitral regurgitation accompanying, 
161 
in dog, 16] 
evidence of endocarditis on, in dog, 164 
heartworm-related changes on, in cat, 
733 
in dog, 711 
hypertrophic cardiomyopathy on, 163 
in cat, 626, 627, 629 
in dog, 606 
imaging planes for, 141-142, 141-144 
intrapericardial cyst on, in dog, 686 
left-to-right shunt on, patent ductus arte- 
riosus and, in dog, 156, 510 
mitral regurgitation on, endocardiosis 
and, 161 
in dog, 161 
in cat with hypertrophic cardiomyopa- 
thy, 627 
muscular dystrophy-related myocardial le- 
sions on, in dog, 607 
myocardial diseases on. See Two-dimen- 
sional echocardiography, cardiomyopathy 
on, 
myocardial fibrosis on, aortic stenosis 
and, 489 
patent ductus arteriosus on, in dog, 156, 
510 
pericardial cyst on, in dog, 686 
pericardial effusion on, in dog, 165, 693 
pleural effusion on, in cat, 165 
in dog, 165, 693 
pulmonic stenosis on, 159 
in dog, 160 
restrictive cardiomyopathy on, in cat, 643 
spontaneous contrast (“smoke”) on, in 
cat with hypertrophic cardiomyopa- 
thy, 633 
subaortic stenosis on, 489 
in dog, 159, 159, 492 
tetralogy of Fallot on, 160 
in dog, 516 
valvular disease on, chronic acquired. See 
Two-dimensional echocardiography, endo- 
cardtosis on. 
valvular stenosis on, in dog, 159, 159, 160 
vegetative mass on, endocarditis and, 164 
ventricular septal defect on, in dog, 157, 
502 


Two-dimensional ultrasonography, 
abdominal, signs of heart failure on, in 
dog, 153 

cardiac. See Two-dimensional echocardiogra- 


phy. 


Ultrasonography, 130-132 
abdominal, signs of heart failure on, 153 
in dog, 153 
cardiac. See Echocardiography. 
transducer in, 131, 140 
esophageal placement of, 132 
Unipolar pacemaker, 409, 410. See also 
Pacemaker, 
Uremia. See Kidney(s). 


Vagal maneuvers, in diagnosis of 
arrhythmias, in cat, 389 
in differentiation of tachyarrhythmias, in 
dog, 335-336, 338, 339, 340 
in provocative testing for syncope, 449- 
450 
Valve conduits, in surgery for aortic 
stenosis, 873 
Valve(s) of heart, 19, 20-21. See also 
specific valves, e.g., Mitral valve. 
acquired disease of, 536-559. See also En- 
docardiosis. 
in cat, 462, 463 
in dog, 463(t), 463-464 
blood flow in or across, Doppler-derived 
velocity of, in cat, 154(t) 
in dog, 154(t) 
regurgitant, quantification of, via Dopp- 
ler echocardiography, 154 
sites of. See Aortic regurgitation; Mitral 
regurgitation; etc. 
congenital disease of, in cat, 462, 463 
in dog, 459(t)—461 (t), 460-462, 463(t) 
development of, 6, 6 
defective, 6 
dysplasia of, 158 
echocardiographic findings associated 
with, 158 
in dog, 158 
sites of. See site-specific sub-entries un- 
der Dysplasia. 
stenosis of, 158-159 
echocardiographic findings associated 
with, 159-160 
in cat, 136 
in dog, 136, 159, 159, 160, 160 
sites of. See Aortic stenosis; Mitral steno- 
sis; Pulmonic stenosis; Tricuspid steno- 
SIS, 
vegetations on, in IE, 163, 567-568, 569. 
See also Infectious endocarditis. 
echocardiographic appearance of, 
164, 573, 574 
in dog, 164 
Valvuloplasty, balloon, for pulmonic 
stenosis, 190, 868 
Valvulotome valvotomy, for pulmonic 
stenosis, 870 
Vascular disease, pulmonary, prevalence of, 
in dog, 467 
systemic, prevalence of, in dog, 467 
Vascular resistance, systemic, 32, 33 
Vascular ring anomalies, 120-121, 528, 826 
surgery for, 878 
Vasodilators, 237-238. See also specific 
agents, e.g., Hydralazine. 


Vasodilators (Continued) 
for heart failure, 223-224, 237(t), 237- 
243 
in dog with mitral regurgitation, 552 
for hypertension, 807 
for pulmonary edema, 260, 260(t). See 
also Vasodilators, for heart failure. 
for shock, 283(t), 283-284 
recommended dosages of, for cat, 904(t) 
for dog, 904(t) 
Vasopressor impulses, 33(t) 
Vasovagal syncope, 452 
Vaughan-Williams classification, of 
antiarrhythmics, 307, 308, 309(t), 310 
Vectorcardiography, 70, 70 
Vegetations, on heart valves, in IE, 163, 
567-568, 569, 570. See also 
Infectious endocarditis. 
echocardiographic appearance of, 
164, 573, 574 
in dog, 164 
Velocity, of blood flow. See Blood flow; 
Doppler echocardiography, blood flow 
velocity derived from. 
of sound waves, 131 
Vena cava, caudal, 17 
radiographic appearance of, interpreta- 
tion of, 120 
cranial, 17 
persistent left cranial, 529 
in dog, 529 
Vena caval syndrome, in dog with 
heartworms, 718-719 
surgery for, 879 
Venous anomalies, thoracic, 529 
Ventilation, in basic life support, 431-433 
in management of shock, 275 
Ventricle(s) of heart, 17, 19-20. See also 
Ventricular entries. 
compliance of, 30, 31, 217, 217-218 
formation of, 4 
function of, radionuclide angiocardiogra- 
phy in evaluation of, 195-199, 197, 
197(t), 198 
growth of, 9, 9 
hypertrophy of. See Hypertrophy, ventricu- 
lar. 
interdependence of, 32 
left. See Left ventricle. 
opening of, at necropsy, 846 
right. See Right ventricle. 
septum between, 15, 20 
defect in. See Ventricular septal defect. 
formation of, 4-5, 6 
sequential contractions of atria and, in 
cardiac pacing, 411, 412 
thickness of walls of, measurement of, 
847-848 
underfilling of, and syncope, 451-452 
Ventricular arrhythmias, 98-99 
in cat, 98, 99, 396-398, 397 
in dog, 98, 99, 99, 355-361 
lethality of, 356-357, 370, 836 
vs. supraventricular arrhythmias. See 
Tachyarrhythmia(s), supraventricular 
in dog, differentiation of. 
mechanisms for, electrophysiologic, 
296(t) 
Ventricular asystole, 99-100 
Ventricular extrasystoles, 97-98 
in cat, 396, 396, 397, 398 
in dog, 98 
breed predisposition to, 466 
Ventricular fibrillation, 99, 99 
bretylium for, 909(t) 
countershock for, 438-439 


Ventricular flutter, 99 
Ventricular pacemaker implantation, 
416(t)-417(t), 419(t). See also 
Pacemaker, 
Ventricular pre-excitation, 86-87 
in cat, 393, 393-394 
in dog, 86 
Ventricular septal defect, 156-157, 499-505 
angiocardiographic findings associated 
with, 505 
in dog, 189, 501, 502 
radionuclide, 194, 195 
in dog, 194 
canine breed predisposition to, 461, 
461 (t) 
echocardiographic evidence of, 156-157, 
503-504 
in dog, 157, 501, 502, 504, Plate 6 
electrocardiographic findings associated 
with, 503 
in dog, 504 
gross morphology/ pathology of, 501, 825 
in cat, 500 
heart murmur caused by, 61 
lesions accompanying, in tetralogy of Fal- 
lot. See Tetralogy of Fallot. 
nonrestrictive, 157 
prevalence of, in dog, 459(t), 461 
radiographic findings associated with, 
503 
in dog, 503 
restrictive, 157 
shunt(ing) accompanying, 157 
echocardiographic findings associated 
with, in dog, 504 
indicator dilution in identification of, 
186 
surgery for, 874, 874 
Ventricular tachyarrhythmias, 98-99 
in cat, 98, 99, 396-398, 397 
in dog, 98, 99, 99, 355-361 
vs. supraventricular tachyarrhythmias. 
See Tachyarrhythmia(s), supraventric- 
ular, in dog, differentiation of. 
Ventricular underfilling, and syncope, 
451-452 


Ventriculoatrial conduction, as 
complication of cardiac pacing, 412, 
413, 414 

Verapamil, 324-325 

adverse effects of, 315(t), 325, 917(t) 
drugs interacting with, effects of, 326(t) 
for arrhythmias, 324, 917(t) 
in dog, 315(t), 348, 349 
evidence of effectiveness of, on ECG, 
350 
for hypertension, 805(t) 
for supraventricular tachycardia, in dog, 
348, 349 
evidence of effectiveness of, on ECG, 
350 
recommended dosages of, for dog, 
903(t), 917(t) 

Viral infection, dilated cardiomyopathy due 

to, in man, 586 
myocarditis due to, 833 
in dog, 610-611, 832 

Virchow’s triad, in thrombogenesis, 658 

Visceral pericardium (epicardium), 14, 15, 
679, 680. See also Pericardial entries. 

Viscosity, of blood, 33 
increase in, cardiac manifestations of, 

772-773 
Volume of distribution, of drugs, 312-313 
Volume overload, 220 
patent ductus arteriosus and, 209-210, 
210 
response to, 209-210 
in form of eccentric myocardial hyper- 
trophy, 208, 757, 818 
VSD. See Ventricular septal defect. 


Warfarin, adverse effects of, 917(t) 
for thromboembolism, in cat, 664, 917(t) 
complications associated with, 665, 
665 
in dog, 917(t) 
recommended dosages of, for cat, 917(t) 
for dog, 917(t) 
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Wavelength, of sound, 131 
Weakness, causes of, 44 
episodic, 446. See also Syncope. 
canine DCM and, electrocardiographic 
findings associated with, 449 
differential diagnosis of, 447(t) 
Weight. See Body weight. 
Welsh corgi. See also Dog(s). 
M-mode echocardiography in, normal 
findings on, 145(t) 
West Highland terrier. See also Dog(s). 
echocardiography in, pulmonic stenosis 
on, 486 
Whole blood, in management of shock, 
279-280 
Wolff-Parkinson-White syndrome, 86 
Wolfhound. See also Dog(s). 
Irish, dilated cardiomyopathy in, 582(t), 
583 
M-mode echocardiography in, normal 
findings on, 145(t) 
Work overload. See Overload. 
Worm infestation, in pulmonary arteries 
and heart. See Heartworm disease. 


X-linked muscular dystrophy, in dog, 
606-607, 832 
myocardial lesions associated with, 607, 
607 
Xylazine, as preanesthetic agent, 859(t), 
860 


Yorkshire terrier. See also Dog(s). 
tracheal collapse in, radiographic appear- 
ance of, 122 


Z bands, around sarcomere, 29 


